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QUANTUM IMAGING FOR UNDERWATER
ARCTIC NAVIGATION

GOVERNMENT INTEREST

[0001] The embodiments described herein may be manu-
factured, used, and/or licensed by or for the United States
Government without the payment of royalties thereon.

BACKGROUND
[0002] 1. Technical Field
[0003] Theembodiments herein relateto quantum informa-

tion science (QIS), and more particularly to QIS used for
underwater imaging and navigation.

[0004] 2. Description of the Related Art

[0005] A major scientific thrust from recent years has been
to try to harness quantum phenomena to increase the perfor-
mance of a wide variety of information processing devices.
QIS has emerged as a scientific undertaking that promises to
revolutionize our information infrastructure. In particular,
QIS offers the possibility of quantum sensors. That is, sensing
devices that exploit quantum phenomena in such a way that
they perform much better than their classical counterparts.
Some examples of quantum sensing devices with a clear
military application include radar, magnetometers, and
gravimeters.

[0006] The stealthy navigation of underwater vehicles is a
very challenging problem. Indeed, radio-frequencies and
GPS signals are generally unable to penetrate water. Simi-
larly, astronomical navigation using the position of the stars
typically requires the vehicle to travel close to the surface of
the sea, increasing the risk of detection. Also, acoustic sound-
ing for navigation using bathymetry maps would reveal the
position of the vehicle.

[0007] Therefore, current underwater navigation systems
usually depend on sophisticated inertial navigation systems.
These navigational tools mainly consist of accelerometers
and gyroscopes to measure the motion and rotation of the
vehicle. This information is constantly updated and used to
calculate the best estimate of the current position, orientation,
and velocity of the vehicle using dead reckoning techniques.
Dead reckoning techniques are used to estimate the current
position of a vehicle by using a known value of a previous
position (known as a fix), and advancing the vehicle accord-
ing to its measured velocity and plotted course.

[0008] The problem of underwater navigation is com-
pounded if the vehicle is located in high latitudes; e.g., near
the North Pole. In this situation, gyroscopes and compasses
become unreliable and lead to big errors in the dead reckoning
estimations made by the inertial navigation system. Indeed,
the Arctic region contains the geomagnetic North Pole and
Earth’s rotation axis, which are the singular points for the
operation of magnetic compasses and gyrocompasses,
respectively.

[0009] Further challenges emerge if the vehicle is traveling
under the Arctic ice shelf. The draft of the ice canopy varies
from 0 to 100 feet, while the submerged portions of icebergs
may extend many hundred feet under the sea. Also, it is
known that the thickness and topography of the sea-ice
canopy is highly variable throughout the year. Indeed, tem-
perature variations and the effect of surface winds and under-
water currents can drastically change the structure of the ice
canopy. As a consequence, any possible ice canopy topo-
graphic maps may become obsolete very quickly.
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[0010] Gravimeters and gravimetric maps can be used
along the inertial navigation system. Gravimeters can be used
along terrain and gravimetric maps to identify the current
position of the vehicle, or as a real-time terrain estimation
tool. Even though gravimetric terrain estimation systems are
stealthy, current technology may not be able to fully resolve
the ice canopy. Indeed, while the average density of typical
sedimentary rocks (e.g. soil gravel, clay, sand) is of about the
double of the density of water, ice density is about 90% of the
density of water. In other words, the gravitational signature of
sea ice is much weaker than the one from typical constituents
of'the ocean floor. However, quantum gravimeters could offer
the possibility of highly sensitive sensors able to resolve the
topography of the ice canopy.

[0011] Ingeneral, Arctic ice has the same strength as poor-
grade concrete. Nonetheless, an accidental collision with the
ice canopy could severely damage an underwater vehicle. To
avoid collisions with the ice canopy, Arctic underwater
vehicles use an active sonar array with acoustic sonar projec-
tions pointing towards the front, top and the bottom of the
vehicle. This active sonar array system is shown in FIG. 1.
These sensors provide information about how close the
vehicle is with respect to the ice canopy and the ocean floor.
[0012] Unfortunately, in the case of Arctic military opera-
tions, active sonar will give away the position of the under-
water vehicle. In addition, as shown in FIG. 2, the underwater
vehicle has to navigate in the presence of a wide variety of
natural and man-made obstacles.

[0013] Furthermore, a static target (zero Doppler) close to
the ice canopy will be nearly invisible to most active and
passive sensors. In other words, navigation close to the ice
canopy offers tactical superiority. As such, underwater Arctic
vehicles need to be highly maneuverable and able to ascend
rapidly towards the ice canopy. To this end, the underwater
vehicle generally requires having a very good estimation of
the ice canopy topography. But then again, even though tra-
ditional sonar arrays are very efficient to elucidate the shape
of'the ice canopy, their strong acoustic signals give away the
position of the underwater vehicle. Therefore, it is necessary
to develop a stealthy system to aid in the highly maneuverable
navigation of underwater Arctic vehicles.

SUMMARY

[0014] In view of the foregoing, an embodiment herein
provides a quantum photonic imaging device used in an
underwater vehicle for stealthy detection of underwater
objects, the device comprising a photon generating module
configured to generate an entangled pair of photons, wherein
the pair of photons comprises a signal photon and an ancilla
photon, and wherein the ancilla photon is retained within the
device; a transmitter configured to transmit the signal photon
towards a region of space for detecting an underwater object;
a receiver configured to detect an incoming photon to the
device; and a correlation module configured to distinguish the
signal photon that is reflected back to the receiver due to a
presence of the object from environmental noise photons,
wherein the distinguishing comprises determining an
entanglement correlation of the detected photon with the
ancilla photon, and wherein a presence of the entanglement
correlation between the detected photon and the ancilla pho-
ton indicates that the detected photon is the signal photon
reflected back from the object.

[0015] The device may further comprise an information
processing module configured to provide information using
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the detected photon to a terrain estimation module, when the
correlation module detects the entanglement correlation
between the detected photon and the ancilla photon. The
object may comprise any of an Arctic ice canopy, ocean
bottom, and another natural or artificial obstacle in the water
that can obstruct under-ice passage of the vehicle in Arctic
waters. The information processing module may be further
configured to provide information about a range and geom-
etry of the object to the terrain estimation module.

[0016] The terrain estimation module uses the information
provided by the information module for navigation of the
vehicle. The receiver may comprise a photosynthetic mate-
rial. The photosynthetic material may comprise a J-Aggre-
gate material. The photon generating module may generate
photons using non-linear crystals. The correlation module
may determine the entanglement correlation using controlled
interferometric metrology. The photon generating module
may be further configured to generate the signal photon with
a brightness similarto a brightness ofthe environmental noise
photons. The photon generating module may be further con-
figured to generate the entangled pair of photons with a vari-
able wavelength. The photon generating module may be fur-
ther configured to vary the wavelength of the entangled pair of
photons from approximately 460 nm to approximately 480
nm.

[0017] Another embodiment provides a method for stealth-
ily detecting underwater objects by an underwater vehicle,
the method comprising generating an entangled pair of pho-
tons, wherein the pair of photons comprises a signal photon
and an ancilla photon, and wherein the ancilla photon is
retained locally in a photonic sensor module; transmitting,
using a transmitter, the signal photon towards a region of
space for detecting an underwater object; detecting, using a
receiver, an incoming photon; and determining an entangle-
ment correlation of the detected photon with the ancilla pho-
ton to distinguish the signal photon that is reflected back to the
receiver due to a presence of the object from environmental
noise photons, wherein a presence of the entanglement cor-
relation between the detected photon and the ancilla photon
indicates that the detected photon is the signal photon
reflected back from the object.

[0018] The method may further comprise providing infor-
mation about a range and geometry of the object using the
detected photon when the entanglement correlation between
the detected photon and the ancilla photon is detected. The
object may include any of an Arctic ice canopy, ocean bottom,
and another natural or artificial obstacle in the water that can
obstruct under-ice passage of the vehicle in Arctic waters. The
information about the range and geometry of the object is
used for navigating the vehicle. The detecting may comprise
using photosynthesis to detect the incoming photon. The gen-
erating may comprise generating the signal photon with a
brightness similar to a brightness of the environmental noise
photons.

[0019] Another embodiment provides a system for navigat-
ing an underwater vehicle, the system comprising a quantum
photonic imaging device configured to generate an entangled
pair of photons, wherein the pair of photons comprises a
signal photon and an ancilla photon, and wherein the ancilla
photon is retained within the quantum photonic imaging
device; transmit the signal photon towards a region of space
for detecting an underwater object; detect an incoming pho-
ton using a receiver; and determine an entanglement correla-
tion of the detected photon with the ancilla photon to distin-
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guish the signal photon that is reflected back to the receiver
due to a presence of the object from environmental noise
photons, wherein a presence of the entanglement correlation
between the detected photon and the ancilla photon indicates
that the detected photon is the signal photon reflected from the
object. The system further comprises a terrain estimation
module configured to receive information about a range and
geometry of the object from the quantum photonic imaging
device, and to use the information for navigation of the
vehicle.

[0020] The system may further comprise a gravity sensor
module configured to obtain location information by measur-
ing a local gravitational field; an inertial navigation module
configured to obtain location information from any of a gyro,
compass, accelerometer, and dead reckoning systems; a glo-
bal positioning system (GPS) module configured to obtain
location information from GPS satellites; and a sonar module
configured to use an active sonar to measure a distance
between the vehicle and the object, wherein the terrain esti-
mation module may be further configured to receive further
information about the object and a location of the vehicle
from one or more of the gravity sensor module, the inertial
navigation module, the GPS module, and the sonar module,
and use the information for navigation of the vehicle.

[0021] These and other aspects of the embodiments herein
will be better appreciated and understood when considered in
conjunction with the following description and the accompa-
nying drawings. It should be understood, however, that the
following descriptions, while indicating preferred embodi-
ments and numerous specific details thereof, are given by way
of'illustration and not of limitation. Many changes and modi-
fications may be made within the scope of the embodiments
herein without departing from the spirit thereof, and the
embodiments herein include all such modifications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The embodiments herein will be better understood
from the following detailed description with reference to the
drawings, in which:

[0023] FIG. 1 is a schematic diagram illustrating an active
sonar array system for underwater Arctic navigation;

[0024] FIG. 2 is a schematic diagram illustrating some of
the natural and man-made obstacles confronted by an Arctic
underwater vehicle;

[0025] FIG. 3 is a schematic diagram illustrating a quantum
imaging system for underwater Arctic navigation according
to an embodiment herein;

[0026] FIG. 4A is a schematic diagram illustrating a modu-
lar architecture for the underwater navigation system of FIG.
3 that uses quantum imaging to resolve underwater obstacles
according to an embodiment herein;

[0027] FIG. 4B is a schematic diagram illustrating a modu-
lar architecture for the photonic sensor module in FIG. 4A
according to an embodiment herein;

[0028] FIG. 4C is a flow diagram illustrating a method of
operation of the photonic sensor module of FIG. 4B accord-
ing to an embodiment herein;

[0029] FIG. 5 is a schematic diagram illustrating an
entanglement-based monostatic standoff quantum sensor
according to an embodiment herein;

[0030] FIG. 6 is a graphical representation illustrating the
main lobe of the quantum cross section (0,) as a function of
the azimuthal angle (68) according to an embodiment herein;
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[0031] FIG. 7 is a graphical representation illustrating the
detection error probability upper bound € as a function of the
signal-to-noise ratio (SNR) according to an embodiment
herein;

[0032] FIG. 8 is a graphical representation illustrating the
attenuation of an optical beam as a function of the traversed
distance r according to an embodiment herein;

[0033] FIG. 9 is a graphical representation illustrating the
attenuation of an acoustic signal of 1 kHz in typical oceanic
conditions according to an embodiment herein;

[0034] FIG. 10 is a graphical representation illustrating the
detection error probability upper bound € as a function of the
logarithm of the number of signals according to an embodi-
ment herein;

[0035] FIG. 11 is a graphical representation illustrating the
difference in the detection error probability upper bounds Ae
as a function of the logarithm of the number of signals accord-
ing to an embodiment herein;

[0036] FIG. 12 is a graphical representation illustrating the
difference in the detection error probability upper bounds Ae
as a function of the SNR according to an embodiment herein;

[0037] FIG. 13 is a graphical representation illustrating the
detection error probability bounds P, and P, as a function of
the distance to the target r according to an embodiment
herein;

[0038] FIG. 14 is a graphical representation illustrating the
interception error probability , and mt; as a function of the
distance to an adversarial sensor located at a distance r
according to an embodiment herein; and

[0039] FIG.151s aschematic diagram illustrating an exem-
plary computer architecture used in accordance with the
embodiments herein.

DETAILED DESCRIPTION

[0040] The embodiments herein and the various features
and advantageous details thereof are explained more fully
with reference to the non-limiting embodiments that are illus-
trated in the accompanying drawings and detailed in the fol-
lowing description. Descriptions of well-known components
and processing techniques are omitted so as to not unneces-
sarily obscure the embodiments herein. The examples used
herein are intended merely to facilitate an understanding of
ways in which the embodiments herein may be practiced and
to further enable those of skill in the art to practice the
embodiments herein. Accordingly, the examples should not
be construed as limiting the scope of the embodiments herein.

[0041] As generally described above, the precise naviga-
tion of underwater vehicles is a difficult task due to the chal-
lenges imposed by the variable oceanic environment. It is
particularly difficult if the underwater vehicle is trying to
navigate under the Arctic ice shelf. Indeed, in this scenario
traditional navigation devices such as GPS, compasses and
gyrocompasses are unavailable or unreliable. In addition, the
shape and thickness of the ice shelf'is variable throughout the
year. Current Arctic underwater navigation systems include
sonar arrays to detect the proximity to the ice. However, these
systems are undesirable in a wartime environment, as the
sound gives away the position of the underwater vehicle. The
embodiments herein provide a quantum imaging system to
enable the safe and stealthy navigation of underwater vehicles
traveling under the Arctic ice shelf. Referring now to the
drawings, and more particularly to FIGS. 3 through 15, where
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similar reference characters denote corresponding features
consistently throughout the figures, there are shown preferred
embodiments.

[0042] A quantum imaging system 5 to enable underwater
Arctic navigation according to the embodiments herein is
shown in FIG. 3. Generally, the embodiments herein replace
the active sonar array of the underwater vehicle 12 with a
collection of low-brightness entanglement-based quantum
sensors 10. In this system 5, an entangled pair of photons 8, 9
is produced; one photon 9 is retained within the sensor 10
while the other photon 8 is emitted towards a region of space.
Then, entanglement correlations are used to distinguish
between noise photons and those signal photons that are
bounced back to a receiver 11 due to the presence of a target
6 (e.g., the ice shelf, the bottom, or another vehicle). The
receiver 11 may be configured as a detector or any type of
detecting device. Of particular interest is the possibility of
these quantum sensors being able to resolve the geometry and
extension of the seasonal ice shelf.

[0043] As further described below, the system 5 can operate
in low brightness levels (using a small number of signal
photons) and in an extremely noisy environment, making the
sensing radiation practically invisible to those who don’thave
access to the entanglement correlations. In other words, the
quantum sensor 10 hides the signal photons 8 within the
environment noise, and the entanglement correlations are
used to detect them.

[0044] The attenuation of light by water is much larger than
atmospheric attenuation. Therefore, it is preferable to exploit
the optical window of water located around 460-480 nm.
Indeed, this small window corresponds to a region of least
attenuation. To this end, the sensors 10 of the system 5 are
configured as biologically-inspired quantum photosensors
based on the quantum dynamics of energy transport observed
in photosynthetic organisms. These sensors 10 are made of
materials that attempt to mimic and synthesize the highly
efficient transport phenomena observed in photosynthesis.
These materials could allow the construction of photodetec-
tors with very high efficiency (nearly 90% efficiency in the
460-480 nm range), surpassing the current capabilities pro-
vided by traditional avalanche photodetectors.

[0045] A block diagram of the architecture 15 used for the
quantum imaging system 5 of FIG. 3 for underwater Arctic
navigation is shown in FIG. 4A. The architecture 15 is modu-
lar, which allows for optimal functionality evenif one or more
navigation modules are down. In an exemplary embodiment,
the various modules described herein and illustrated in the
figures are embodied as hardware-enabled modules and may
be configured as a plurality of overlapping or independent
electronic circuits, devices, and discrete elements packaged
onto a circuit board to provide data and signal processing
functionality within a computer. An example might be a com-
parator, inverter, or flip-flop, which could include a plurality
of transistors and other supporting devices and circuit ele-
ments. The modules that are configured with electronic cir-
cuits process computer logic instructions capable of provid-
ing digital and/or analog signals for performing various
functions as described herein. The various functions can fur-
ther be embodied and physically saved as any of data struc-
tures, data paths, data objects, data object models, object files,
database components. For example, the data objects could be
configured as a digital packet of structured data. The data
structures could be configured as any of an array, tuple, map,
union, variant, set, graph, tree, node, and an object, which
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may be stored and retrieved by computer memory and may be
managed by processors, compilers, and other computer hard-
ware components. The data paths can be configured as part of
a computer CPU that performs operations and calculations as
instructed by the computer logic instructions. The data paths
could include digital electronic circuits, multipliers, registers,
and buses capable of performing data processing operations
and arithmetic operations (e.g., Add, Subtract, etc.), bitwise
logical operations (AND, OR, XOR, etc.), bit shift operations
(e.g., arithmetic, logical, rotate, etc.), complex operations
(e.g., using single clock calculations, sequential calculations,
iterative calculations, etc.). The data objects may be config-
ured as physical locations in computer memory and can be a
variable, a data structure, or a function. In the embodiments
configured as relational databases (such Oracle relational
databases), the data objects can be configured as a table or
column. Other configurations include specialized objects,
distributed objects, object oriented programming objects, and
semantic web objects, for example. The data object models
can be configured as an application programming interface
for creating HyperText Markup Language HTML) and
Extensible Markup Language (XML) electronic documents.
The models can be further configured as any of a tree, graph,
container, list, map, queue, set, stack, and variations thereof.
The data object files are created by compilers and assemblers
and contain generated binary code and data for a source file.
The database components can include any of tables, indexes,
views, stored procedures, and triggers.

[0046] The system architecture 15 comprises a gravity sen-
sor module 20, which may be configured as a gravity sensor or
gravimeter to measure the local gravitational field. These
measurements are compared to those found in locally stored
gravimetry maps using the current estimated position. Any
difference of value indicates the possibility of a navigation
position error. A photonic sensor module 22 may be config-
ured as an entanglement-based quantum sensor that provides
information about the presence, range, and geometry of
potential man-made or natural obstacles not reported in the
most up-to-date gravimetry maps and navigational charts.
The data can be used to correct current estimated navigation
position by ranging a reported obstacle or geographic feature,
or to plan the safe motion of the underwater vehicle 12.

[0047] An inertial navigation module 24 is configured to
have access to inertial navigation tools such as gyros, com-
passes, accelerometers and dead reckoning systems. GPS
module 26 is provided if the underwater vehicle 12 has access
to GPS. Accordingly, module 26 uses the position data as a fix
for the inertial navigation module and to pinpoint its position
in a bathymetric data set stored in the terrain estimation
module. However, access to GPS could compromise the
stealthy operation of the underwater vehicle 12 (as it has to
surface to establish a radio frequency link with the GPS
satellite system). The sonar and bathymetric data module 28
uses an active sonar to measure the distance between the
underwater vehicle 12 and the ocean floor and/or ice canopy.
Module 28 relies on stored bathymetric maps to update the
inertial navigation data. However, the use of active sonar
compromises the stealthy operation of the underwater vehicle
12.

[0048] The precision navigation module 30 uses sophisti-
cated data fusion techniques to combine ground speed infor-
mation from a Doppler velocity sensor with data from the
inertial navigation and gravity modules 24, 20. The terrain
estimation module 32 uses gravimetric and photonic data to
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generate a 3D model of the terrain and Arctic ice surrounding
the underwater vehicle 12. The terrain data display 34 permits
terrain data to be rendered using traditional 3D computer
graphics techniques. Display 34 provides situational aware-
ness of the position of the underwater vehicle 12 with respect
of the underlying terrain and surrounding ice structures. The
navigation data display 36 is configured to allow the naviga-
tion data to be presented in the form of the current position
and direction of motion of the underwater vehicle 12.

[0049] The output of the architecture 15, which comprises
of terrain and actual navigation data, are used to plan the
subsequent motion of the underwater vehicle 12. This enables
the underwater vehicle 12 to perform stealthy and safe navi-
gation in the challenging Arctic environment.

[0050] In an embodiment, a navigation system for an
underwater vehicle is configured as hardware-enabled archi-
tecture 15 and includes photonic sensor module 22, terrain
estimation module 32, gravity sensor module 20, inertial
navigation module 24, GPS module 26, and sonar and bathy-
metric data module 28. In an embodiment, photonic sensor
module 22 is a quantum photonic imaging device. Gravity
sensor module 20 may obtain location information by mea-
suring a local gravitational field. GPS module 26 may obtain
location information from GPS satellites, and the sonar and
bathymetric data module 28 may use an active sonar to mea-
sure the distance between the vehicle and an object.

[0051] The photonic sensor module 22 may generate an
entangled pair of photons. The pair of photons includes a
signal photon 8 and an ancilla photon 9. The ancilla photon 9
may be retained within the photonic sensor module 22. The
photonic sensor module 22 may transmit the signal photon 8
towards a region of space for detecting an underwater object,
and detect an incoming photon 7.

[0052] The photonic sensor module 22 may determine the
entanglement correlation of the detected photon with the
ancilla photon 9. Using the entanglement correlation, the
photonic sensor module 22 may distinguish the signal photon
8 that is reflected back to the receiver 11 due to the presence
of'the object from environmental noise photons. The presence
of'the entanglement correlation between the detected photon
and the ancilla photon 9 may indicate that the detected photon
is the signal photon 8 reflected from the object.

[0053] Inanembodiment, the terrain estimation module 32
receives information about the range and geometry of the
object from the photonic sensor module 22, and uses the
information for navigation of an underwater vehicle. In
another embodiment, the terrain module 32 also receives
information about the object and location of the vehicle from
gravity sensor module 20, inertial navigation module 24, GPS
module 26, or sonar and bathymetric data module 28.

[0054] The photonic sensor module 22 may be used in an
underwater vehicle for stealthy detection of underwater
objects. An exemplary embodiment of photonic sensor mod-
ule 22 is shown in FIG. 4B. Photonic sensor module 22 may
include a photon generating module 38, a transmitter 40, a
receiver 11, a correlation module 44, and an information
processing module 46.

[0055] The photon generating module 38 may generate an
entangled pair of photons. In an exemplary embodiment, the
photon generating module 38 generates photons using non-
linear crystals. The photon generating module 38 may gen-
erate the entangled pair of photons with a variable wave-
length. In an exemplary embodiment, the photon generating
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module 38 generates the entangled pair of photons with a
wavelength from approximately 460 nm to approximately
480 nm.

[0056] The entangled pair of photons may include a signal
photon 8 and an ancilla photon 9. In an embodiment, the
ancilla photon 9 is retained within the photonic sensor mod-
ule 22. The photon generating module 38 may generate the
signal photon 8 with a brightness similar to the brightness of
the environmental noise photons. The transmitter 40 may
transmit the signal photon 8 towards a region of space for
detecting an underwater object. The receiver 11 may detect an
incoming photon 7 to the imaging device (e.g., imaging sys-
tem 5). An incoming photon 7 may be an environmental noise
photon or the signal photon 8 reflected by an object. The
object may be an Arctic ice canopy, ocean bottom, or another
natural or artificial obstacle in the water that may obstruct
under-ice passage of the vehicle in Arctic waters.

[0057] The correlation module 44 may distinguish the sig-
nal photon 8 that is reflected back to the receiver due to
presence of the object from environmental noise photons that
may be detected by receiver 11. The correlation module 44
may determine the entanglement correlation of the detected
photon with the ancilla photon 9. The presence of the
entanglement correlation between the detected photon and
the ancilla photon 9 indicates that the detected photon is the
signal photon 8 reflected back from the object. Using the
entanglement correlation, the correlation module 44 may dis-
tinguish the signal photon 8 reflected by the object from noise
photons. In an exemplary embodiment, the correlation mod-
ule 44 determines the entanglement correlation using con-
trolled interferometric metrology.

[0058] The information processing module 46 may provide
information about the object to the terrain estimation module
32. The information processing module 46 may provide infor-
mation about the range and geometry of the object to the
terrain estimation module 32. The information processing
module 46 may use the detected photon to generate and send
information about the object. In an embodiment, when the
correlation module 44 detects the entanglement correlation
between the detected photon and the ancilla photon 9, the
information processing module 46 sends information about
the object to the terrain estimation module 32.

[0059] FIG. 4C illustrates a method 50 of operating photo-
nic sensor module 22 for stealthily detecting underwater
objects according to an embodiment. At step 52, the method
generates an entangled pair of photons. The pair of photons
may comprise a signal photon 8 and an ancilla photon 9. The
ancilla photon 9 may be retained locally in the photonic
sensor module 22. At step 54, the method may transmit the
signal photon 8, using transmitter 40, towards a region of
space for detecting an underwater object. At step 56, the
method may detect, using receiver 11, an incoming photon 7.
[0060] At step 58, the method may determine the entangle-
ment correlation, using correlation module 44, of the detected
photon with the ancilla photon 9. The method may use the
entanglement correlation to distinguish the signal photon 8
that is reflected back to the receiver 11 due to the presence of
the object from environmental noise photons. In an embodi-
ment, the presence of the entanglement correlation between
the detected photon and the ancilla photon 9 indicates that the
detected photon is the signal photon 8 reflected back from the
object.

[0061] Atstep 60, the method may provide, using the infor-
mation processing module 46, information about the range
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and geometry of the object using the detected photon when
the entanglement correlation between the detected photon
and the ancilla photon 9 is detected.

[0062] Standoff Quantum Sensing:

[0063] The fundamental idea behind an entanglement-
based standoff monostatic quantum sensor, either optical or
radar, is shown in FIG. 5, with reference to FIGS. 3 and 4. A
monostatic sensor means that the detector (e.g., receiver) and
the emitter are in the same physical location. In the system 5,
an entangled pair of photons 8, 9 is created. These are called
the signal and the idler (or ancilla) photons 8, 9, respectively.
The ancilla photon 8 is retained within the system 5 while the
signal photon 8 is sent through a medium towards a potential
target 6. With certain probability, the signal photon 8 may, or
may not encounter the target 6. If the signal photon 8 does not
encounter the target 6, then it will continue to propagate in
space. In such a case all measurements performed by the
receiver 11 will be of noise photons. On the other hand, if the
target 6 is present and the signal photon 8 is “bounced back”
towards the receiver 11, then it will be detected with certain
probability. In a sense, the signal photon 8 is “tagged”
because of the quantum correlations due to the entanglement,
and therefore it will be “easier” to correctly identify it as a
signal photon 8 rather than misidentify it as a noise photon.
[0064] Ancilla and Signal Photon States:

[0065] First, a Gaussian entangled state is considered as the
one produced in spontaneous parametric down-conversion
(SPDC). In an occupation number Fock space, this state is
given by:

N W
W)y = VI=22 )" X"e™ I, n);

n=0

where A=tan hIE|, § being the squeezing parameter. The sub-
indices i and s refer to the ancilla and signal photons, 9, 8
respectively. Without loss of generality the phase ¢ can be set
to zero, ¢=0. Then, for a zero-mean Gaussian state, the state
can be written as:

oS N @
[¥)si = Z W )l
n=0

where N, is the average photon number per mode:
N,=<a,ElAla,E>=sin F2[E |+l P=sin #2|E| (3)

for a zero-mean Gaussian state in which a=0.
[0066] At first order in A, the entangled Gaussian state can
be written as:

4)
N, (
A= g <=0y = VI-R00) + ALY

In practice, A~1072, And therefore N ~10"*<<I.

[0067] The general two-mode Gaussian state can be repre-
sented through a Wigner-distribution covariance matrix that
has the following form:

Ss 0 ¢ 0 (&)
r 10 5 0 &
““4lc, 0 05 o0

0 ¢ 085
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given in terms of only four parameters. Furthermore, it can be
shown that the necessary and sufficient condition for separa-
bility of the Gaussian state can be simply written as:

(S152-C ) (S1S2-C)=(S P +85,7)+21C Co -1 (6)

which is usually referred as Simon’s separability criteria.
Also, one can define:

J=(S185-C2)(S15- )~ (S7+557)-21C, Col+1 @]

And the separability criteria reduces to f=0.
[0068] For the case under consideration, this becomes:

§=5,=5,=2N+1 C,=C,=-C,=2y/N.(NA1) ®)

which violates the inequality, and therefore, as expected,
'¥>_.is an entangled state. In addition, one can easily find the
maximum value of C_, for which the state has some degree of
entanglement. It is found that this upper bound corresponds to
C=2N,. In other words, if N>>1, then C~C, and the
entanglement is negligible. On the other hand, if N <<1, then
C,>>C_and the state is highly entangled. That is, low bright-
ness (N,<<1) Gaussian states from SPDC showcase strong
nonclassical signatures.

[0069] Propagation and Attenuation:

[0070] First, consider a signal passing through an attenuat-
ing medium. The amount of energy absorbed and dissipated
by the medium is described by the absorption coefficient y,.
Similarly, the energy scattered y the medium is described by
the scattering coefficient y,. Mathematically, absorption and
scattering attenuate the energy of the signal as:

D(r)=P(0)e ©)
where:
A=Xat X (10)

is the total attenuation coefficient and ®(r) is the intensity of
the signal after it has traversed a distance r in the attenuating
medium.

[0071] The quantization of the electromagnetic field in
attenuating media is much more complicated than in vacuum.
The consistent theoretical treatment of attenuating media
requires the quantization of interacting electromagnetic, mat-
ter, and reservoir fields.

[0072] However, it is possible to obtain simplified equa-
tions if one assumes that the medium is adequately described
by a chain of beam splitters. Then, the traversal of the chain of
beam splitters modifies the annihilation quantum operator
into:

. Z . N 11
alw, ) » X200 4 iy (w) f dxe® ANy x) ab
o

where:

_ o) (12)
- C

k

and n(w) is the refraction index of the medium. As usual, the
expression for the creation operator is the Hermitian-conju-
gate of a(w).

[0073] This quantization scheme offers a simpler phenom-
enological theory, where it is relatively easy to plug the
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experimental values for the attenuation coefficient 3. Thus,
the above expression is general in the sense that it can be
applied to various types of physical media (e.g. vacuum,
oceanic water or atmospheric air) by selecting the appropriate
value of y.

[0074] Itis convenient, however, to parametrize the attenu-
ation of a quantum state in the following manner:

4, =Vxd +/T-xa, (13)
where:
K=e X"z (14)

is the signal attenuation and 4, is the annihilation operator for
the returned photon state, which is composed with probability
K of the original signal photon state a; and with probability
1-k of a noise photon state a,. In general, it is assumed to be
alossy environment, for which k<<1 and N,>>kN_, where N,
is the average number of noise photons.

[0075] Target Detection:

[0076] As discussed above, the signal photon state may be
bounced back towards the receiver 11 and be registered, or the
receiver 11 may just measure noise photon states. Therefore,
consider the following detection hypotheses:

[0077] Hypothesis Hy: there is no target 6 within range of
the receiver 11. In this case, the receiver 11 will only measure
noise photon states. The Wigner distribution covariance
matrix is given by:

B 0 00 (15)
o _ l 0B 0O
n 40 0 s 0
000S
where:
B=2N+1 (16)

Furthermore, the separability criteria function is given by:
[ P=16N N, (NA1)(Np+1)=0 a7

which means that the state is not entangled.

[0078] Hypothesis H;: the target 6 is within range of the
receiver 11, and the signal photon state is measured with
probability k. In this case, the receiver 11 will only measure
noise photon states. The Wigner distribution covariance
matrix is given by:

A c, 0 (18)
a1 0 0 -G,
" a1 c. 0 N 0
0 -¢C 0 N
where:
A=2(KN+N,)+1 C.=2/kN.(N+1) (19)

Also, the separability criteria function is given by:
S P=L6N (VA1) (K=N, )N ,#1) (20)
which means that the state is not entangled if Kk<N,,. Then, if

the attenuation Kis large enough, the ancilla-signal photon
entanglement is not expected to survive by the time the signal
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photon states arrive to the receiver 11. As described below,
such is the case for photon states traveling through Arctic
water over 460 m.

[0079] In general, under both hypotheses, the states at the
receiver 11 are not entangled. Indeed, the environment has
obliterated any degree of entanglement by the time the signal
photon state returns to the receiver 11 (for targets 6 farther
away than 230 m, so the total traveling distance for the signal
photon states is greater than 460 m). Nonetheless, as
described further below some of the initial quantum correla-
tions expressed in the highly non-classical state with covari-
ance matrix I';; persist even after the total annihilation of the
entanglement.

[0080] The next step is to discriminate between both
hypothesis. In theory, this could be accomplished by measur-
ing the operator A given by:

A=p,P=p, @y

where p,, " and p,,( are the density matrices that correspond
to hypotheses 1 and 0, respectively. If the measurement yields
a positive value, then the target 6 is declared to be within
range. On the other hand, if the measurement yields a negative
number, then the target 6 is declared to be out of range.
[0081] However, it is not a simple task to find the eigenval-
ues of A. As a consequence, as described further below, in the
most general case the theoretical analysis can only determine
the bounds for the detection error probability.

[0082] Biologically-Inspired Quantum Photosensors:
[0083] In spite of light attenuation, photosynthetic organ-
isms thrive in the underwater ecosystem. But it is rather
surprising that bacterial photosynthesis takes place deep
within the Pacific Ocean, at depths in excess of 2,000 meters.
This biological process is carried out by green-sulfur bacteria
that are obligated photosynthetic organisms. That is, these
organisms are required to conduct photosynthesis to survive.
Even though at this depth the ocean is in total darkness to the
human eye, the bacteria is able to efficiently absorb and
process the dim light that comes from the sun or nearby
hydrothermal vents.

[0084] Photosynthetic organisms possess molecular
antenna systems that capture solar light and transport the
energy to a metabolically expensive reaction center where the
biochemical processes of photosynthesis begins. For many
years it was conjectured that the transport of energy to the
reaction center was due to classical energy transport mecha-
nisms. However, it has recently been observed that photosyn-
thetic proteins appear to use quantum coherence to transport
energy in an efficient manner (nearly perfect quantum effi-
ciency of the photo collection capture and transport pro-
cesses). Indeed, quantum effects in photosynthetic light har-
vesting systems have been experimentally observed at
cryogenic and at room temperature. These experiments
require of sophisticated setups requiring ultra fast optics and
2D spectrography to detect the characteristic quantum signa-
tures. In addition, theoretical efforts have proposed mecha-
nisms that explain how quantum phenomena can be relevant
at room temperature.

[0085] There are compelling reasons to attempt to construct
devices that mimic photosynthetic energy transfer. For
instance, current photosensors such as PIN, avalanche, and
photomultiplicators use semi-classical charge transport pro-
cesses based on the photoelectric effect. That is, light removes
electric charge from a semiconductor’s energy band and the
resulting current is used as a signature of light. However, the
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big disadvantage of bulk semiconductors is that they require
highly ordered crystalline phases that are rigid, expensive,
and fragile. Furthermore, because of the strong absorption in
their diffused surface layer, semiconductor devices are not
optimal for the detection of light in the green-blue regime. In
addition, these devices are not optimal because it is known
that quantum transport is more efficient than classical trans-
port.

[0086] One of the technical goals of the DARPA QuBE
(Quantum Effects in Biological Environments) program was
the design of novel kinds of photosensors. Theoretically,
these sensors are made of new materials that attempt to syn-
thesize the highly efficient quantum transport phenomena
observed in photosynthesis. It is expected that these materials
will allow the construction of photodetectors with a quantum
efficiency of nearly 90% in the 460-480 nm range, surpassing
the current capabilities provided by APD and PIN photode-
tectors.

[0087] One such candidate involves the use of J-Aggregate
materials. These are molecules that self-assemble and exhibit
quantum transport over hundreds of chromophores at room
temperature. As a consequence, J-Aggregate materials appear
to closely mimic the behavior of chlorosome antenna in green
sulfur bacteria.

[0088] Target Signature Amplification:

[0089] Next, the physical mechanism of interaction
between the signal photon state and a potential target 6 are
described. To this end, recall that it is possible to describe all
the physical properties of specular reflections exclusively
using QED processes of absorption and emission of photons
by the atoms in a mirror. Following an interferometric analy-
sis, it is found that the intensity measured by a receiver 11
after a photon is reflected by N atoms is given by:

1 2 (22)
<A‘ ( d [)> =
sUss 7d» N

N .
D #AR. 0
i=1

where the photon wave functions are approximated by:

WO(AR;, 1) = —2@(1 - AR; /c)e~ W T/2H-0Ri/O @3
Arg
with:
o WP, sing 24
0= dregctAry

and I' represents the inverse of the lifetime of the excited state
of the atom:

re 1 1 40’ip, (25
ST 4ney 30

In the above expressions co is the frequency of the incoming
photon 7, and m is the angle between the electric dipole
moment of the atom p and Ar, =r,-r, is the distance between
the i” atom and the receiver 11. In the context of quantum
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radar or lidar, AR, is the total interferometric distance from the
transmitter to the target 6, and from the target 6 to the receiver.
[0090] For monostatic sensors, as is the case under consid-
eration, the source and the detector are at the same spatial
location:

rs=rg 6

and therefore

AR; = Arg + Aryy 27

=l —nl+lr -1y

=2lr; —r4l

where r,, r;, and r, are the positions of the source, the receiver
11, and the i atom respectively.

[0091] On the other hand, the resulting average intensity
incident over all the N atoms that make the target 6 is (assum-
ing the target 6 behaves as a photodetector):

5 1Y ) (28)
{Titre ) = 5 > 1% (A, 0]
i=1
= iZN] (‘9_0)2|@([_A,,Si/C)ef(iwr/z)(rfmsi/c)|2
N ~ Arg
~ i(S_O)ZZN: [0(z = R c)e~ et TR-Rio
NAR i=1
where it is presumed that in the region of interest:
Arg=lr—rl=RVi 29)

[0092] This approximation can be made because the expo-
nential terms in the equation of {I,(r,t)) do not form an
interference pattern. Indeed, the absolute value is inside the
summation symbol. In other words, there is only one possible
path from the emitter to the target 6.

[0093] The O step function merely indicates that the signals
will not propagate faster than the speed of light. With this
understanding, it can be removed from the equation to sim-
plify the notation. Therefore:

<7i(rx, t)> = (%)ZB’F(”RM S

and as a consequence, the integration over the orthogonal
projected area of the target 6 gives:

Iri@pdlir,0) ds=4, 09 1(0) 6D

[0094] Ifthe absorption effects are ignored, energy conser-
vation in the optical regime requires that all incident energy
has to be reflected in some direction. That is, integrating the
position of the receiver 11 over a spherical surface Sz, of
radius R

f (Iitrs, D) dS ~ lim (Is(res ran DR Ay G2
T 0.4) Rgoo Sk, oT
which can be approximated by:

(33)

2r
AL, ¢)<7S(7,,t)>zRLiian0 fon@(’“ ra, DYRsinddOd

[0095] At this point it is convenient to define how good of'a
reflector is a given target. To this end, the quantum cross
section Oy, is defined, which is able to provide an objective
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measure of the visibility of the target. Even though the word
“radar” is being used, the embodiments herein, analysis, and
formulae takes into consideration multiple wavelengths and
accordingly, the embodiments herein are not restricted to the
microwave regime.
[0096] By definition, o, has to depend explicitly on (is(r,
8,¢,1)), the scattered intensity at the receiver:

0g{1,(:6.9.)) (34)

because in the large photon limit:

tim {1,(r, 6, ¢, ) « |Esg,|? (35
=00
where B, 5, is the electric field of the scattered classical radar
electromagnetic wave at the receiver. Then, in analogy to the
classical radar cross section (0,.), it is reasonable to define the
quantum cross section Op as:

((ry 14, 1) (36)
o)

op = ’%im AzR?
and if we assume energy conservation in the optical regime,
then o, for a monostatic quantum sensor can be approxi-
mated by:

oo ~4nA. (6. $) lim {105 = r) 7
Ry (37 (50 (1, 1) sindy dBy Ay

where the expectation value of the scattered intensity is taken
at the receiver.

[0097] So far the above analysis has considered the struc-
ture of o, for the case of single photon signals in the quantum
signal pulse. It is very easy to generalize the equations to
describe quantum signal pulses with m, photons. The defini-
tion of o, is the same, but a new expression for (I (r,,0)} is
needed.

[0098] As an example, consider the case of two photons,
M,=2, one with momentum p and the other with momentum q
(and for simplicity the polarization states are ignored). In this
case, the photodetector needs to detect two photons, one at (r,
t) and another at (¢, t').

[0099] Then, the transition amplitude of the detector sig-
naling the detection of the two photons is given by:

afrt, )= OEO 0ED(r 0)11,0,) (38)

and the measured intensity is:
<7pq(r, [ t’)> =las(r, 1, v, ) (39

= Ol 0 0B, D11, )f

=¥pglr, 1, ¥, )P

Now, using the expressions for the quantum fields and the
Fock states, the following are derived:

Yool 1,7, 1) = (40)
O 0, 0ET 07, O|1,15) oc (0] @pe P 4 feia=a)
(ape—i(wprtp./) + aqe—i(wqrtq./))“plq) o

e pt P g g =4 0@, |1, 1,) +
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-continued
g wpt=pr) piligt ~ar’ ><0|(apaq)| Lyl +

eTeqt N g e PO 2,0, 1,1, +
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e qt a7 g e 101G a1, o
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W, (r, D, 1)+ W, (r, D, (7, 7))

where the following are assumed:
{01@,,)10,0,) = 0(a,8,)11,0,) 1

{01, d,)11,0,) ={ 01,8 )1, 0,) 0 @1)
which is a consequence that 4,(a,) destroys a photon of

momentum p (q).
[0100] Therefore, the intensity is given by:

(L (.80} 515D, (7 2V, (5D, (7, ) P (42)

which depends on a symmetric bipartite wave function as
required by Bose-Einstein statistics. Furthermore, in general:

(L (00} =W (DD, (1) P @3)
or equivalently:
(L) ={p)(1) @4)

which means that the two photodetections at (r, t) and (', t')
are not independent but are correlated. The reason for this
behavior is that each of the detection events gives some infor-
mation about the state of the quantum field, and this informa-
tion has an influence on the estimates of subsequent detec-
tions. As a consequence, this is a quantum mechanical effect
due to the interference between the photon states in the sym-
metric bipartite state shown in Equation (40). Indeed, it is
only possible to factorize the contributing intensities for
states that represent classical light.

[0101] Next, the case of three atoms (N=3) scattering two
photons (n,=2) are considered. In this case:

R 1 45)
- (D2 L @03 4 gBIpD|?
(Ira. ) = §|~11yl W+ U W)

where the wave function subindex marks the photon and the
upper index identifies the scattering atom. That is, the two
photons can interact with any of the three atoms, and all
possible combinations contribute to the interference pattern.
There is no permutation over the photon indices because the
photons are bosons, and therefore indistinguishable from
each other.

[0102] Then, for N atoms and 1, photons:

. 1 (@) : “6)

{104.0) = <~ [Faray won, | | 57

=1
[+)

where a,=1, 2, . . . N, and sum over equal “a,” indices is
implied.
[0103] Next, the particular case of a rectangular target is

considered (this geometry is chosen because it is relatively
easy to program in numerical simulation codes). FIG. 6 shows
the plots of o, vs. 6(¢p=0) for n,=1, 2, and 3 photons. As a
reference, the maximal value of the classical radar cross sec-
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tion for the same target looked at in the specular direction
(6=0) corresponds to the maximal value of the quantum cross
section for one photon observed in the specular direction.
FIG. 6 illustrates the detail of the main lobe of the quantum
cross section (0,) as a function of the azimuthal angle (6)
with a fixed polar angle (¢=0) for 1 incident photon, (solid
line), 2 incident photons (dashed line), and 3 incident photons
(dotted line). The horizontal grid lines are located at 0,,=2.25,
4.56, and 6.81. It can be observed that as the number of
photons increases, so does the peak of the maximum value of
0, at the specular orientation. That is, a target near the specu-
lar direction appears to look bigger when illuminated with a
quantum sensor. This is a pure quantum-mechanical effect
due to the interference terms that lead to Equation (42). Thus,
only in the case of beams of classical light will one expect to
see the same cross sections without regard to the number of
photons per beam.

[0104] However, as the number of photons increases, the
sidelobe structure decreases dramatically and the width of the
specular orientation peak becomes more narrow (the sidelobe
structure is not shown in FIG. 6). Such behavior is to be
expected. Indeed, the interferometric analysis only takes into
consideration specular returns and the associated sidelobe
structure is due to quantum interference. As the number of
photons increases, the dynamics of the scattering transition to
the classical domain. In such a case, one would expect that o,
will be extremely narrow at the specular direction and without
sidelobes. That is, this behavior makes evident the large pho-
ton number limit for o,:

lim og « o¢ o« 6(6) @7
ny—00

which corresponds to specular returns without end-region
contributions. This further shows that the quantum sidelobe
structure is not related to the sidelobe structure observed in
the context of classical radar cross sections. That is, both the
width of the main lobe and the sidelobe structure are purely
quantum mechanical features.

[0105] Numerical values for the peak value of the quantum
radar cross section on the main (6=0) lobe are given in Table
1 below. The growth ratio G,(n,) and the total growth ratio
G(n,) are defined as:

oMz ) M) (48)
Ginpy=—2 " Guy= T2
T 1) o= (1)

where 0,"“*(n,) is the maximal value of o, for n, photons.
Thus, it can be observed that there is a steady decrease in its
value as the number of photons increases. Furthermore, one
can expect that the growth ratio will steadily decrease to zero
for a large number of photons.

TABLE 1

Peak values of the quantum radar cross section on the main (6 = 0) lobe

No. of Photons Main Lobe Peak ~ Growth Ratio  Total Growth Ratio

1 2.24912 — —
2 4.55989 2.02741 2.02741
3 6.80988 1.49343 3.0278
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TABLE 1-continued

Peak values of the quantum radar cross section on the main (6 = 0) lobe

No. of Photons Main Lobe Peak ~ Growth Ratio  Total Growth Ratio

4 9.10436 1.33693 4.04797
5 11.0753 1.21648 4.92427
[0106] Because ofthe correspondence principle, we expect

that the quantum radar cross section will become the classical
radar cross section for a large number of photons. However, a
large number of photons is not enough to guarantee the cor-
respondence principle. Indeed, the Fock states used for the
computation of the quantum radar cross section are non-
classical even with a large number of photons. To obtain the
principle of correspondence one needs to explicitly use coher-
ent states with large average photon numbers. It is only in
such a case that the expression for the contributions to the
intensity becomes an equality:

<112<:(11>>Iz> 49)

which means that there are no interference effects and as a
consequence there will be no change to the value of the radar
cross section. Therefore, in the small photon number regime,
it appears that specular returns and quantum interference are
the principal contributors to the value of o,

[0107]

[0108] Next, the theoretical performance of the following
three types of standoff sensors are compared:

[0109] (A) A quantum sensor that uses 2-mode entangled
photon states (a signal and an ancilla);

[0110] (B) A coherent light sensor (such as a lidar) that
uses non-entangled states of light; and

Theoretical Performance in a Noisy Environment:

[0111] (C) A classical sensor system (e.g. radar or sonar).
[0112] Detection Error Probability:
[0113] The detection error probability E can be chosen as a

measure of performance. The analysis will be limited to the
extremely low signal-to-noise ratio: SNR=12x10°. The sens-
ing is assumed to be is carried out by sending 10° pulses. That
is, the quantum system needs to create 10° 2-mode Gaussian
entangled photon states, the coherent sensor sends 10° unen-
tangled photons, and a coherent integration of 10 classical
radar pulses is performed (this is known to be the most opti-
mal way to combine information from several classical radar
pulses).

[0114] Theequations that describe the detection error prob-
ability for the entangled and coherent light sensors are estab-
lished using standard quantum optics techniques considering
Gaussian signal states. In the low brightness, high noise, low
reflectivity regime:

N<<1
Ny<<l
K<<1 (50)

where N, is the average photon number per mode, x is the
reflectivity, and N, is the average photon number in the back-
ground. When these conditions are met, the upper bound for
the detection error probability €, for the entangled photon
sensor satisfies:
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o~ MKNs/N), (51)

and similarly, the detection error probability €, for the coher-
ent light sensor is bounded by:

o~ MKNs/4N}, (52)

ElSPlE )

where in both equations, M is the number of signal pulses sent
towards the target. These expressions suggest that the signal-
to-noise ratio per signal pulse for these two sensor systems
can be characterized by:

vk o <N (53)
* N

Furthermore, it can be shown that, if SNR<<1, then the above
bounds for €, and €, remain valid within a relatively small
percentile error.

[0115] Forthe comparative analysis, a challenging environ-
ment can be characterized by SNR~10~° per signal pulse (the
attenuation effects of the environment are included in this
expression). As a consequence, M~10° entangled/unen-
tangled photon states are required to raise the effective signal-
to-noise level to the order of one.

[0116] On the other hand, the coherent integration of clas-
sical radar pulses is carried out using basic probability theory
arguments. While obtaining an exact equation is a very com-
plicated problem, Albersheim proposed a good approximate
solution using the following empirical formula:

A+0.124B+1.7B (54)
n

SNR, =

where the SNR,, is the (numeric) signal-to-noise-ratio per
pulse, n is the number of independent pulses integrated, and:

‘{0.62] (55)
A=1
P
Py
B=lq —Pd)

where P, is the probability of detection and P, is the prob-
ability of false alarm. Thus, the detection error probability
bound P, for this case is given by:

P=1-P, (56)

The above equations are reported to be accurate within 2 dB
for 0.1=P,<0.9 and 10"75Pfa510"3. For the comparison
analysis, the value of Pfa:lO‘3 is used, which is the less
rigorous case for the classical radar sensor.

[0117] FIG. 7 shows the comparative performance of the
three sensors based on the detection error probability upper
bound. More specifically, FIG. 7 illustrates the detection error
probability upper bound e for M=10° entangled photon states
(solid line), coherent unentangled photon states (dashed line),
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and a coherent integration of classical radar pulses (dotted
line), with respect to the signal-to-noise ratio (SNR) in units
of 107, It can be observed that, in the low signal-to-noise
ratio and low brightness regime, the quantum sensor is much
better than the coherent and the classical sensors, in agree-
ment with results previously reported in the literature. How-
ever, if the SNR is too small, then all sensors have a detection
error probability of nearly 50%. Also, if the SNR is large
enough, then all sensors have a detection error probability that
asymptotically approaches zero. In such a case, the quantum
sensor does not offer any advantage over the coherent or the
classical system. The signature of the target is amplified if
illuminated with a quantum sensor, which may result in an
even smaller detection error probability.

[0118] Stealth:

[0119] The main challenge for any type of underwater sen-
sor is the signal attenuation produced by sea water. In the case
of sound, the attenuation in sea water is of about y“=~10"°
m™! for a sound wave of 1 kHz. On the other hand, in the case
of light, in the clearest ocean waters, ~10"2 m™* for a wave-
length of 480 nm. Also, for the case of high frequency micro-
waves (107 to 10° Hz), the attenuation of the signal is practi-
cally total. That is, these radio waves are unable to penetrate
a body of water deeper than a few centimeters.

[0120] These values reflect the well-known fact that, in the
underwater environment, sound transmits much better than
optical light and microwaves. In what follows it will be
assumed that the quantum imaging system operates in the
narrow green-blue regime, at around 460-480 nm, as this is
the region of the spectrum where optical electromagnetic
radiation is absorbed the least by sea water.

[0121] FIG. 8 shows the attenuation of an optical beam
(e™) at A=480 nm by clear (solid line; ¥=0.01 m™), inter-
mediate (dashed line; ¥=0.18 m™"), and murky (dotted line;
%=0.3 m~') oceanic waters with respect to the traversed dis-
tance r. Arctic waters are usually clear, which means that an
optical beam will lose 80% of its intensity after about 200 m.
On the other hand, if the Arctic water is murkier, then the
same level of intensity can only be reached at around 10 or 15
m.

[0122] On the other hand, FIG. 9 shows the attenuation of
an acoustic signal (e at 1 kHz in typical oceanic condi-
tions. While the acoustic attenuation coefficient % is vari-
able and depends on salinity, depth, and temperature, it tends
to be of the order of 107> m™' for Arctic waters. Thus, an
acoustic signal will lose 80% of its intensity after about 200,
000 m.

[0123] Clearly, the optical attenuation produced by saltwa-
ter severely limits the operational range of an underwater
photonic sensor. However, this is not a bad feature if one is
exclusively interested in stealth sensing over relatively short
distances. Indeed, for Arctic underwater navigation we are
mostly interested in the optical imaging and detection of
underwater ice structures (as mines and other underwater
vehicles can be detected through their unique electromag-
netic or acoustic signatures using passive sensing devices).
[0124] Optimal Signal Intensity:

[0125] FIG. 10 shows the behavior of the detection error
probability upper bound €, with respect to the logarithm of the
number of signals log,, M when SNR=107 for entangled
(solid line) and unentangled (dashed line) photon states. It is
observed that if M is too small, both sensors lead to a similar
large detection error probability €=0.5. On the other hand, if
M is too large, then any possible advantage offered by the
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entangled photon system is shattered by the large number of
unentangled photons in the coherent source.

[0126] Therefore, itis preferable to find the optimal number
of signal photons that will lead to the greatest advantage
offered by the entangled-photon system. To this end, Ae is
defined as the difference of the upper bounds of the detection
error probability for the entangled and non-entangled sen-
SOrs:

Ae=Pr-P, 57

Of interest is the value of M that maximizes Ae.

[0127] FIG. 11 shows the behavior of Ae with respect to
log,, M when SNR=107%, which clearly shows that Ae has a
maximal value. More specifically, FIG. 11 illustrates the dif-
ference in the detection error probability upper bounds for the
entangled and non-entangled photon states with respect to the
SNR in units 10~° when M=10°. The exact maximal value of
M, denoted by M, can be found analytically through:

d 1 P (58)
— —M —Maj4y _
WAE_E(zm o _ —p Mol )_0
which results in:
4nd 1 (59)

M=

o
3o @

where 0=SNR. Indeed, for the case of SNR=10"%, log, , M=6.
2668, which is in agreement with the numerical value
observed in FIG. 11. Furthermore, the maximal value of Ae,
reached at M, is given by:

- 3 60
Ae= §4’1/3 ~ 0.2362 6%

This result can be confirmed by looking at FIG. 11, as P,(M)
~().3150 and Pq(M)z0.0787. The value of Ae is completely
independent of the signal-to-noise ratio. In other words, Ae is
the maximum improvement that one can expect from the
system, regardless of the level of noise.

[0128] Similarly, FIG. 12 shows the difference in the detec-
tion error probability upper bounds for the entangled and
non-entangled photon states with respect to the SNR in units
of 107% when M=105. It can be observed that, given the value
of M, the system is optimal for a specific value of SNR, and
the maximum improvement is bounded by Ae.

[0129] Thus far, the above describes a sensor that can
detect, with some probability of error, the presence or absence
of an underwater obstacle. The terrain estimation module 32
of FIG. 4A uses data from the photonic sensor module 22 to
rasterize an image of the underwater canopy and other
obstacles encountered by the underwater vehicle 12. That is,
a determined solid angle of the space ahead of the receiver 11
of FIG. 3 has to be divided in n sub-regions, and the photonic
sensor module 22 will determine the presence or absence of
obstacles for each and all of these sub-regions. For all means
and purposes, the result is a raster image of the region ahead
of the receiver 11.
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[0130] Expected Performance in Clear Arctic Waters:
[0131] The following ignores all possible sources of noise,
except for the optical attenuation produced by clear Arctic
seawater. It is also assumed that the target 6 is a perfect
reflecting surface. These assumptions allow one to establish
upper bounds for the theoretical performance that character-
izes the best case scenario for the sensing devices.

[0132] Under these assumptions, the signal-to-noise ratio
for a single photon state signal that propagates over a distance
ris given by:

snR= N _Ns ©b
Np Ny

where y is the water’s attenuation constant. For clear Arctic
waters, ¥~0.01 m™'. The average number of photons in the
signal Gaussian state is given by N~10"*, as observed in
SPDC experiments. Also, sunlight is the principal source of
optical noise in the underwater environment. If one assumes
that the sun radiates as a black body, then, according to
Planck’s law:

1 62

Ne SROIT — |

where T is the temperature, co the frequency of the photons,
and k the Boltzmann constant. Taking the temperature of the
surface of the sun as T=6000° K. and blue light at A=480 nm,
then N,~1072.

[0133] Detection Error Probability Bounds:

[0134] The case where SNR=2x107° is considered. Using
the expressions found above, the most optimal number of
entangled photon states is log,, M=5.97, and the detection
error probability upper bounds are given by:

P ~0.08
Pr032

P~043 (63)

for the entangled, coherent, and classical systems, respec-
tively. That is, in this situation the entangled photon system is
4 times better than the coherent light system, and 5.38 times
better than the classical sensor.

[0135] A SNR~2x107°in clear oceanic waters is produced
when the photons traverse a distance of about 852 m. In other
words, the distance from the target to the sensor is of about
R=~426 m (half the roundtrip distance). Equivalently, if one
sends M=10°°7~924196 signal photon states, then one can
expect that only Me™?%=184 signal photon states will be able
to complete the round trip. These 184 photon states are pro-
cessed to give the values of P, and P, given above.

[0136] FIG. 13 shows the detection error probability
bounds P, (solid line) and P, (dashed line) with respect to the
distance to the target r in clear ocean waters using M photons.
After about 800 m, the detection error probability bounds
become very close to 0.5. Also, below 300 m there is very
little difference in the performance of the entangled and
coherent imaging systems. The first vertical grid locates the
optimal distance of 426 m, in which the entangled imaging
system has a detection error probability of 0.08, while the
coherent system has a detection error probability of 0.32.
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[0137] As described above, the condition for surviving
entanglement at the detector, once the entangled signal pho-
ton states have completed the round trip to the target, is given
by:

1o, 64
K>Nb:e’)(2R>Nb|:R<—2—bz230m 64
X

That is, for targets farther away than 230 m, the entanglement
is completely obliterated by the noisy environment. But none-
theless, as shown above, entanglement continues to provide a
detection error probability advantage for a target located at
426 m. As explained before, even though the entanglement
disappears, some of the quantum correlations persist.

[0138] FIG. 13 also makes evident that the plot of P_ is the
same as P, but shifted to the left. Indeed:

B—MNSK(Zr)/Nb

2

o~ M Nsk(2ryaNy, (65)

Pyr) = 3

Pr) =

where the factor of 2 in the exponent takes into account the
round trip taken by the photon states. Then:

P (=P~ ) o~ NN (2r)/Nb— o~ N (2r-22)/4Nb (66)

and as a consequence:

Ind 67
42N =k2r-20) s> ¥ =4 7= 21 ©n
X

which for the case in consideration results in z=~69 m. In other
words, with the same number of photons, the entangled sys-
tem gives the same performance as the unentangled system,
but with a 69 m improvement in range to target. Naturally, as
the attenuation coefficient grows, this range advantage
decreases.

[0139] Stealthiness:

[0140] Regarding the stealthy operation of the system, it is
easy to check that, at a distance of R ~1374 m, less than one
out of the M photon states will survive the effects of attenu-
ation: Me™%¢=0.9967<1. Therefore, it is extremely unlikely
that any other sensor outside a range of 1374 m from the
underwater vehicle 12 will be able to measure any signal
photon states. That is, the system is practically invisible out-
side a range of 1374 m, but manages to give a detection error
probability of less than 0.1 for a target 6 located 426 m away
from the vehicle 12.

[0141] If the adversaries place sensors inside the stealthy
range of operations of the quantum imaging system (i.e.,
within 1374 m), their detection systems may be able to mea-
sure at least one out of the M photon states. This could be
done, for example, if the adversary deploys several
Unmanned Underwater Vehicles (UUV’s) across the entire
area of operations. In this case, depending on the number of
measured photons, the adversaries will suspect with some
probability the presence of our quantum imaging system.
However, they will have a considerable amount of error in
trying to determine if a given measured photon state is signal
or noise, because they would not have access to the entangle-
ment correlations. Indeed, as described above, the stealth
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strategy of the quantum imaging system 5 is to “hide” the
signal photons in the environment noise.

[0142] To precisely determine how difficult the adversary’s
signal photon interception and identification task will be, an
objective and commensurable definition of what stealth
means is needed. Indeed, stealth vehicles are not completely
invisible to a given sensor, but their signature is below some
pre-defined threshold.

[0143] Inarather arbitrary manner, a stealthy imaging sys-
tem can be defined if the detection error probability of an
adversary that uses the radiation of the imaging system 5 to
localize the underwater vehicle 12 is at least 0.4. This detec-
tion error probability bound is completely arbitrary, and one
could choose a different set of numbers given the risk con-
strains of the actual naval operation.

[0144] Similar to security proofs in cryptography, it is
assumed that the adversaries have the most advantageous
position available to them. In this case, the adversaries have
exact knowledge of where the signal photon state beams are
pointed at, and they have a perfect detector measuring all
these states. Then, the interception error probability for an
adversarial sensor located at a distance r from the entangled
photons imaging system 5 onboard the underwater vehicle 12
is given by:

&~ Nse™XTjaN, (68)

g = 3

To ease the stealthiness analysis, it is assumed that a coherent
sensor has the exact same detection error probability as an
entangled photon sensor. This can be done at the expense of a
larger number of unentangled photon states. Indeed, if one
uses four times the number of entangled photon states, then
both systems have the same detection error probability. Then,
the interception error probability for an adversarial sensor
located at a distance r from the coherent imaging system
operating with 4M photons onboard the underwater vehicle
12 is given by:

o~ MNse XTI, (69)

= 5

In other words, while the entangled system is using M photon
states, the coherent system has to use 4M unentangled photon
states, so both can have the exact same detection error prob-
ability.

[0145] FIG. 14 shows the interception error probability for
an adversarial sensor located at a distance r from the
entangled photon imaging system (mt,, solid line) and the
coherent imaging system (7;, dashed line). If the adversarial
sensors are located very close to the underwater vehicle 12
(i.e., within a 600 m range), these will be able to detect with
very high probability the signal photon states, entangled or
not.

[0146] It can also be observed that the entangled photon
imaging system satisfies the stealthy imaging bound at 925 m.
On the other hand, the coherent photon imaging system sat-
isfies the stealthy imaging bound at 1063 m. Thus, the
entangled photon imaging system is stealthier over an extra
138 m in comparison to the coherent imaging system.

Jan. 21, 2016

[0147] Furthermore, one can observe from FIG. 14 that the
plot of m, is the same as 7, but shifted to the right. Indeed:

() =mfr 42> o~ MINK(r)/ANb — o~ FINsK(r+2)/Nb (70)

and as a consequence:

1 1 Ind an
k(N =kr+z7)>e ¥ =-7=—
4 4 X

which for the case in consideration results in z~138 m. In
other words, even though for this particular example the
entangled system has the same performance as the unen-
tangled system, the entangled system has a 138 m improve-
ment in stealthiness. Naturally, as the attenuation coefficient
grows, this stealthiness advantage decreases.

[0148] Some components of the embodiments herein can
include a computer program product configured to include a
pre-configured set of instructions stored in non-volatile
memory, which when performed, can result in actions as
stated in conjunction with the methods described above. In an
example, the pre-configured set of instructions can be stored
on a tangible non-transitory computer readable medium or a
program storage device. In an example, the tangible non-
transitory computer readable medium can be configured to
include the set of instructions, which when performed by a
device, can cause the device to perform acts similar to the
ones described here.

[0149] The embodiments herein may also include tangible
and/or non-transitory computer-readable storage media for
carrying or having computer executable instructions or data
structures stored thereon. Such non-transitory computer read-
able storage media can be any available media that can be
accessed by a special purpose computer, including the func-
tional design of any special purpose processor, module, or
circuit as discussed above. By way of example, and not limi-
tation, such non-transitory computer-readable media can
include RAM, ROM, EEPROM, CD-ROM or other optical
disk storage, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to carry or
store desired program code means in the form of computer
executable instructions, data structures, or processor chip
design. When information is transferred or provided over a
network or another communications connection (either hard-
wired, wireless, or combination thereof) to a computer, the
computer properly views the connection as a computer-read-
able medium. Thus, any such connection is properly termed a
computer-readable medium. Combinations of the above
should also be included within the scope of the computer-
readable media.

[0150] Computer-executable instructions include, for
example, instructions and data which cause a special purpose
computer or special purpose processing device to perform a
certain function or group of functions. Computer-executable
instructions also include program modules that are executed
by computers in stand-alone or network environments. Gen-
erally, program modules include routines, programs, compo-
nents, data structures, objects, and the functions inherent in
the design of special-purpose processors, etc. that perform
particular tasks or implement particular abstract data types.
Computer executable instructions, associated data structures,
and program modules represent examples of the program
code means for executing steps of the methods disclosed
herein. The particular sequence of such executable instruc-
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tions or associated data structures represents examples of
corresponding acts for implementing the functions described
in such steps.

[0151] The techniques provided by the embodiments
herein may be implemented on an integrated circuit chip (not
shown). The chip design is created in a graphical computer
programming language, and stored in a computer storage
medium (such as a disk, tape, physical hard drive, or virtual
hard drive such as in a storage access network). If the designer
does not fabricate chips or the photolithographic masks used
to fabricate chips, the designer transmits the resulting design
by physical means (e.g., by providing a copy of the storage
medium storing the design) or electronically (e.g., through
the Internet) to such entities, directly or indirectly. The stored
design is then converted into the appropriate format (e.g.,
GDSII) for the fabrication of photolithographic masks, which
typically include multiple copies of the chip design in ques-
tion that are to be formed on a wafer. The photolithographic
masks are utilized to define areas of the wafer (and/or the
layers thereon) to be etched or otherwise processed.

[0152] The resulting integrated circuit chips can be distrib-
uted by the fabricator in raw wafer form (that is, as a single
wafer that has multiple unpackaged chips), as a bare die, or in
a packaged form. In the latter case, the chip is mounted in a
single chip package (such as a plastic carrier, with leads that
are affixed to a motherboard or other higher level carrier) orin
a multichip package (such as a ceramic carrier that has either
or both surface interconnections or buried interconnections).
In any case, the chip is then integrated with other chips,
discrete circuit elements, and/or other signal processing
devices as part of either (a) an intermediate product, such as a
motherboard, or (b) an end product. The end product can be
any product that includes integrated circuit chips, ranging
from toys and other low-end applications to advanced com-
puter products having a display, a keyboard or other input
device, and a central processor, and may be configured, for
example, as a kiosk.

[0153] The embodiments herein can include both hardware
and software elements. The embodiments that are imple-
mented in software include but are not limited to, firmware,
resident software, microcode, etc. Furthermore, the embodi-
ments herein can take the form of a computer program prod-
uct accessible from a computer-usable or computer-readable
medium providing program code for use by or in connection
with a computer or any instruction execution system. For the
purposes of this description, a computer-usable or computer
readable medium can be any apparatus that can comprise,
store, communicate, propagate, or transport the program for
use by or in connection with the instruction execution system,
apparatus, or device.

[0154] The medium canbe anelectronic, magnetic, optical,
electromagnetic, infrared, or semiconductor system (or appa-
ratus or device) or a propagation medium. Examples of a
computer-readable medium include a semiconductor or solid
state memory, magnetic tape, a removable computer diskette,
a random access memory (RAM), a read-only memory
(ROM), a rigid magnetic disk and an optical disk. Current
examples of optical disks include compact disk-read only
memory (CD-ROM), compact disk-read/write (CD-R/W)
and DVD.

[0155] A data processing system suitable for storing and/or
executing program code will include at least one processor
coupled directly or indirectly to memory elements through a
system bus. The memory elements can include local memory
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employed during actual execution of the program code, bulk
storage, and cache memories which provide temporary stor-
age of at least some program code in order to reduce the
number of times code must be retrieved from bulk storage
during execution.

[0156] Input/output (I/O) devices (including but not limited
to keyboards, displays, pointing devices, etc.) can be coupled
to the system either directly or through intervening 1/O con-
trollers. Network adapters may also be coupled to the system
to enable the data processing system to become coupled to
other data processing systems or remote printers or storage
devices through intervening private or public networks.
Modems, cable modem and Ethernet cards are just a few of
the currently available types of network adapters.

[0157] A representative hardware environment for practic-
ing the embodiments herein is depicted in FIG. 15, with
reference to FIGS. 1 through 14. This schematic drawing
illustrates a hardware configuration of an information han-
dling/computer system 1500 in accordance with an exem-
plary embodiment herein. The system 1500 comprises at least
one processor or central processing unit (CPU) 110. The
CPUs 110 are interconnected via system bus 112 to various
devices such as a random access memory (RAM) 114, read-
only memory (ROM) 116, and an input/output (I/0O) adapter
118. The I/O adapter 118 can connect to peripheral devices,
such as disk units 111 and storage drives 113, or other pro-
gram storage devices that are readable by the system. The
system 1500 can read the inventive instructions on the pro-
gram storage devices and follow these instructions to execute
the methodology of the embodiments herein. The system
1500 further includes a user interface adapter 119 that con-
nects a keyboard 115, mouse 117, speaker 124, microphone
122, and/or other user interface devices such as a touch screen
device (not shown) to the bus 112 to gather user input. Addi-
tionally, a communication adapter 120 connects the bus 112
to a data processing network 125, and a display adapter 121
connects the bus 112 to a display device 123 which may be
embodied as an output device such as a monitor, printer, or
transmitter, for example. Further, a transceiver 126, a signal
comparator 127, and a signal converter 128 may be connected
with the bus 112 for processing, transmission, receipt, com-
parison, and conversion of electric or electronic signals.

[0158] Generally, an underwater vehicle does not have
access to radio-navigation aids, GPS and astronomical obser-
vations. Also, an underwater vehicle traveling in the Arctic is
relatively close to the geomagnetic pole and the Earth’s rota-
tion axis, and as a consequence, common navigation tools
such as compass and gyroscopes are plagued with large
amounts of error. Furthermore, the variable Arctic ice canopy
may severely damage the hull of an underwater vehicle.

[0159] To overcome these strict limitations, most underwa-
ter Arctic vehicles rely on active sonar arrays that determine
the position of the ice, terrain, and other obstacles present at
the front, top, and below the vehicle. However, this strategy is
not stealthy and can compromise the position of the subma-
rine in a combat scenario. The embodiments herein provide
quantum sensors to overcome the problem of underwater
Arctic navigation in a combat scenario. The system 5 pro-
vided by the embodiments herein operate with entangled
photons in the blue-green regime. To this end, the receiver 11
utilizes biologically-inspired photosensors, which comprise
novel materials in accordance with the quantum transport
observed in photosynthetic systems.
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[0160] The entanglement correlations are used to distin-
guish between noise and signal photons bounced back by the
target 6. The system 5 is configured to operate with a low-
brightness signal and immersed in a noisy environment. In a
sense, the signal photons are “hidden” in the environment
noise and entanglement correlations are utilized to retrieve
them.

[0161] Asdescribed above, the expected theoretical perfor-
mance of the imaging system 5 is analyzed in clear Arctic
waters. It is experimentally determined that the entangled
photon imaging system 5 provided by the embodiments
herein is four times better than the coherent imaging system,
and 5.38 times better than the classical sensor. These perfor-
mance estimates were performed for a target at 426 m from
the underwater vehicle 12 using approximately 106 signal
pulses. For a target range of 426 m, the entanglement between
the signal and ancilla photons 8, 9 is completely annihilated
by the noisy environment, but nonetheless some of the origi-
nal quantum correlations persist. These “surviving” quantum
correlations are the reason for the expected advantage of the
entangled imaging system 5 provided by the embodiments
herein over the coherent imaging system.

[0162] The above described experimentation also demon-
strates that the entangled imaging system 5 has a stealthiness
advantage of 138 m in comparison to a coherent imaging
system with the same detection performance. In addition,
within the parameters of the example discussed, all the signal
photon states emitted by the entangled imaging system 5 are
completely dissipated by the underwater Arctic medium at
about 1374 m. Even though water attenuation severely limits
the operational range of the imaging system 5, the range is
large enough to be used as a terrain estimation tool for under-
water Arctic navigation. In this regard, the operational
requirements of stealthy underwater vehicle Arctic naviga-
tion are ideal for entangled qubits.

[0163] The foregoing description of the specific embodi-
ments will so fully reveal the general nature of the embodi-
ments herein that others can, by applying current knowledge,
readily modify and/or adapt for various applications such
specific embodiments without departing from the generic
concept, and, therefore, such adaptations and modifications
should and are intended to be comprehended within the
meaning and range of equivalents of the disclosed embodi-
ments. It is to be understood that the phraseology or termi-
nology employed herein is for the purpose of description and
not of limitation. Therefore, while the embodiments herein
have been described in terms of preferred embodiments,
those skilled in the art will recognize that the embodiments
herein can be practiced with modification within the spiritand
scope of the appended claims.

What is claimed is:

1. A quantum photonic imaging device used in an under-
water vehicle for stealthy detection of underwater objects, the
device comprising:

a photon generating module configured to generate an
entangled pair of photons, wherein the pair of photons
comprises a signal photon and an ancilla photon, and
wherein said ancilla photon is retained within the device;

a transmitter configured to transmit said signal photon
towards a region of space for detecting an underwater
object;

a receiver configured to detect an incoming photon to the
device; and
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a correlation module configured to distinguish said signal
photon that is reflected back to said receiver due to a
presence of the object from environmental noise pho-
tons, wherein the distinguishing comprises determining
an entanglement correlation of the detected photon with
said ancilla photon, and wherein a presence of said
entanglement correlation between said detected photon
and said ancilla photon indicates that said detected pho-
ton is said signal photon reflected back from said object.

2. The device of claim 1, further comprising an information
processing module configured to provide information using
said detected photon to a terrain estimation module, when
said correlation module detects said entanglement correlation
between said detected photon and said ancilla photon.

3. The device of claim 2, wherein said object comprises any
of'an Arctic ice canopy, ocean bottom, and another natural or
artificial obstacle in the water that can obstruct under-ice
passage of the vehicle in Arctic waters.

4. The device of claim 3, wherein said information process-
ing module is further configured to provide information about
arange and geometry of said object to said terrain estimation
module.

5. The device of claim 4, wherein said terrain estimation
module uses the information provided by said information
module for navigation of said vehicle.

6. The device of claim 1, wherein said receiver comprises a
photosynthetic material.

7. The device of claim 6, wherein said photosynthetic
material comprises a J-Aggregate material.

8. The device of claim 1, wherein said photon generating
module generates photons using non-linear crystals.

9. The device of claim 1, wherein said correlation module
determines said entanglement correlation using controlled
interferometric metrology.

10. The device of claim 1, wherein said photon generating
module is further configured to generate said signal photon
with a brightness similar to a brightness of said environmental
noise photons.

11. The device of claim 1, wherein said photon generating
module is further configured to generate said entangled pair
of photons with a variable wavelength.

12. The device of claim 11, wherein said photon generating
module is further configured to vary the wavelength of said
entangled pair of photons from approximately 460 nm to
approximately 480 nm.

13. A method for stealthily detecting underwater objects by
an underwater vehicle, said method comprising:

generating an entangled pair of photons, wherein the pair
of photons comprises a signal photon and an ancilla
photon, and wherein said ancilla photon is retained
locally in a photonic sensor module;

transmitting, using a transmitter, said signal photon
towards a region of space for detecting an underwater
object;

detecting, using a receiver, an incoming photon; and

determining an entanglement correlation of the detected
photon with said ancilla photon to distinguish said signal
photon that is reflected back to said receiver due to a
presence of the object from environmental noise pho-
tons, wherein a presence of said entanglement correla-
tion between said detected photon and said ancilla pho-
ton indicates that said detected photon is said signal
photon reflected back from said object.
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14. The method of claim 13, further comprising providing
information about a range and geometry of said object using
said detected photon when said entanglement correlation
between said detected photon and said ancilla photon is
detected.

15. The method of claim 14, wherein said object includes
any of an Arctic ice canopy, ocean bottom, and another natu-
ral or artificial obstacle in the water that can obstruct under-
ice passage of the vehicle in Arctic waters.

16. The method of claim 15, wherein said information
about said range and geometry of said object is used for
navigating said vehicle.

17. The method of claim 13, wherein the detecting com-
prises using photosynthesis to detect said incoming photon.

18. The method of claim 13, wherein the generating com-
prising generating said signal photon with a brightness simi-
lar to a brightness of said environmental noise photons.

19. A system for navigating an underwater vehicle, said
system comprising:

a quantum photonic imaging device configured to:

generate an entangled pair of photons, wherein the pair
of photons comprises a signal photon and an ancilla
photon, and wherein said ancilla photon is retained
within said quantum photonic imaging device;

transmit said signal photon towards a region of space for
detecting an underwater object;

detect an incoming photon using a receiver; and

determine an entanglement correlation of the detected
photon with the ancilla photon to distinguish said
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signal photon that is reflected back to said receiver
due to a presence of the object from environmental
noise photons, wherein a presence of said entangle-
ment correlation between said detected photon and
said ancilla photon indicates that said detected photon
is said signal photon reflected from said object; and
a terrain estimation module configured to receive informa-
tion about a range and geometry of said object from said
quantum photonic imaging device, and to use said infor-
mation for navigation of said vehicle.
20. The system of claim 19, further comprising:

a gravity sensor module configured to obtain location
information by measuring a local gravitational field;

an inertial navigation module configured to obtain location
information from any of a gyro, compass, accelerom-
eter, and dead reckoning systems;

a global positioning system (GPS) module configured to
obtain location information from GPS satellites; and

a sonar module configured to use an active sonar to mea-
sure a distance between said vehicle and said object,

wherein said terrain estimation module is further config-
ured to receive further information about said object and
alocation of the vehicle from one or more of said gravity
sensor module, said inertial navigation module, said
GPS module, and said sonar module, and use said infor-
mation for navigation of said vehicle.
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