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A DE energy weapon and tracking system includes a passive millimeter wave (PmmW) imaging
receiver on a common gimbaled telescope to sense natural electromagnetic radiation from a
mmW scene. The PmmW imaging receiver operates in a portion of the electromagnetic spectrum
distinct from the IR bands associated with thermal blooming or the HEL laser. In the case of a
HPM source, the re!ected energy is either in a di"erent RF band and/or of diminished amplitude
such as to not interfere with operation of the PmmW imaging receiver. Although lower resolution
than traditional optical imaging, PmmW imaging provides a viable alternative for target tracking
when the DE weapon is actively prosecuting the target and provides additional tracking
information when the DE weapon is not engaged.
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BACKGROUND OF THE INVENTION
Field of the Invention
This invention relates to directed energy (DE) weapon systems such as high-energy laser (HEL) and high power microwave
(HPM) and the sensor architectures used for target tracking.

Description of the Related Art
Directed energy weapons and speci#cally high-energy laser (HEL) and high power microwave (HPM) weapons are being
considered for a variety of military applications with respect to a variety of platforms, e.g., spaceborne, airborne and land
based systems to name a few. These weapons generally involve the use of the laser, microwave or other source of a highenergy beam to prosecute a target.
In a HEL system, in an active prosecution mode the laser needs to be maintained on a speci#c area of the target for a
period of time to be e"ective. Atmospheric compensation using adaptive optics signi#cantly reduces the time the highenergy laser must be maintained on the target. For moving targets, HELs require an active target tracking system so that
the HEL “spot” moves along with the target (or equivalently, does not move with respect to the target). Typically an
additional, lower energy, laser source is paired with the HEL to provide angle and/or range information to track the target
as it moves. This laser is often called a target or tracker illuminator (TIL). The TIL can be a separate wavelength from the
HEL, so that a portion of the re!ected HEL signal from the target may be #ltered out before being detected by an optical
detector array. In some cases, the re!ected power of the HEL simply saturates the optical detector.
TIL sources are often in the infrared wavelengths, e.g., near IR (NIR) or short wave IR (SWIR) bands, which presents a
problem for tracking engaged targets. As the HEL engages the target, the spot illuminated by the HEL heats up and causes
an e"ect known as thermal blooming. Thermal blooming is the increase in IR signature due to an increase in temperature,
and causes the TIL sensors to lose track of the HEL spot on the target (for larger targets), or lose track of the target
entirely (for smaller targets such as UAVs). Both have the e"ect of the HEL system not properly engaging their target.
Thermal blooming also prevents maintaining an aimpoint and performing battle damage assessment (BDA) on the target
while the HEL is engaged. In an HPM system, the microwave source illuminates a broad area in an active prosecution
mode. Atmospheric correction is not an issue at RF frequencies. Therefore, target tracking does not have to be as precise
to provide atmospheric compensation, precise focus and precise engagement. An optical detector array, active TIL or
passive, provides external target tracking queues to the HPM system.

SUMMARY OF THE INVENTION
The following is a summary of the invention in order to provide a basic understanding of some aspects of the invention.
This summary is not intended to identify key or critical elements of the invention or to delineate the scope of the
invention. Its sole purpose is to present some concepts of the invention in a simpli#ed form as a prelude to the more
detailed description and the de#ning claims that are presented later.
The present invention provides a DE energy weapon and tracking system that is immune to the e"ects of thermal
blooming and in-band electromagnetic re!ections that plague traditional optical tracking systems. This is accomplished by
integrating the DE weapon with a passive millimeter wave (PmmW) imaging receiver on a common gimbaled telescope to
sense natural electromagnetic radiation from a mmW scene. The PmmW imaging receiver operates in a portion of the
electromagnetic spectrum distinct from the IR bands associated with thermal blooming or the HEL laser. In the case of a
HPM source, the re!ected energy is either in a di"erent RF band and/or of diminished amplitude such as to not interfere
with operation of the PmmW imaging receiver. Although lower resolution than traditional optical imaging, PmmW imaging
provides a viable alternative for target tracking when the DE weapon is actively prosecuting the target and provides
additional tracking information when the DE weapon is not engaged.
In an embodiment, a DE weapon and tracking system is mounted on a gimbaled telescope con#gured to slew and point
an axis at a target. A DE weapon includes a source of electromagnetic energy such as a HEL or HPM source for generating
and transmitting a directed energy beam through a #rst aperture on the telescope to prosecute the target in an active
prosecution mode. A passive millimeter wave (PmmW) imaging receiver is con#gured to form on an optical detector array,
an optical image of a mmW scene within a #eld of view of the receiver from the mmW signals received through a second
aperture on the telescope. A processing circuit is con#gured to process the optical image to provide real-time assessment
of target tracking without e"ects of thermal blooming during the active prosecution mode. For example, the processing
circuit may maintain an aimpoint on the target or extract battle damage assessment (BDA) of the target with an area on
the target illuminated by the DE beam based on received mmW signals.
In an embodiment, the PmmW imaging receiver comprises a phased-array antenna including a plurality of antenna
elements mounted within the telescope and arranged in a #rst pattern con#gured to receive mmW signals from natural
electromagnetic radiation through the second aperture of a mmW scene within a #eld of view of the PmmW imaging
receiver. A plurality of electro-optic modulators corresponds to the plurality of antenna elements, each modulator
con#gured to modulate an optical carrier with a received mmW signal to generate a plurality of modulated optical signals.
A plurality of optical channels are con#gured to carry the plurality of modulated optical signals, each of the plurality of
optical channels having an output to emanate the corresponding modulated optical signal out of the corresponding
optical channel, the outputs of the plurality of optical channels arranged in a second pattern corresponding to the #rst
pattern. A #rst composite signal channel, adjacent to the plurality of outputs of the plurality of optical channels, is
con#gured to receive the plurality of modulated optical signals to form a #rst composite optical signal. The optical
detector array is con#gured to receive at least a portion of the composite optical signal and to extract a #rst optical image
of the mmW scene including at least the portion of the target within the directed energy beam.
In an embodiment, the tracking system combines the PmmW imaging receiver with an optical imaging receiver coupled to
an optical aperture on the telescope. The same or di"erent optical detector array may be con#gured to form a second
optical image of an optical scene within a #eld of view of the optical imaging receiver to provide real-time target tracking
based on received optical signals. The optical imaging receiver provides higher or #ner resolution than the PmmW
imaging receiver but may have limited use when the DE weapon is engaged. Embodiments may include an optical
transmitter that can be used to provide active optical imaging and/or as a source for determining a range to target. In the
case of a HEL system, the DE weapon, optical imaging receiver and range #nder may share the same optical aperture on
the telescope and a common signal path.
These and other features and advantages of the invention will be apparent to those skilled in the art from the following
detailed description of preferred embodiments, taken together with the accompanying drawings, in which:

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a block diagram of an embodiment of a DE weapon and PmmW and optical imagers for target tracking;
FIG. 2 is an embodiment of HEL DE weapon and PmmW and optical imagers for target tracking;
FIGS. 3a and 3b are axial and side views of the gimbaled telescope including both an optical aperture and electronic
aperture;
FIGS. 4a and 4b are simpli#ed illustrations of images of a target in the SWIR and mmW bands when the HEL is not
engaged with the target;
FIGS. 5a and 5b are simpli#ed illustrations of images of a target in the SWIR and mmW bands when the HEL is engaged
with the target;
FIG. 6 is an embodiment an HPM DE weapon and PmmW and optical imagers for target tracking; and
FIGS. 7a and 7b are axial and side views of the gimbaled telescope including an optical aperture and a pair electronic
apertures for the HPM source and incident passive mmW radiation.

DETAILED DESCRIPTION OF THE INVENTION
The detailed description set forth below in connection with the appended drawings is intended as a description of
exemplary embodiments of a DE weapon and tracking system provided in accordance with the present invention and is
not intended to represent the only forms in which the present invention may be constructed or utilized. The description
sets forth the features of the present invention in connection with the illustrated embodiments. It is to be understood,
however, that the same or equivalent functions and structures may be accomplished by di"erent embodiments that are
also intended to be encompassed within the scope of the invention. As denoted elsewhere herein, like element numbers
are intended to indicate like elements or features.
A DE energy weapon and tracking system includes a passive millimeter wave (PmmW) imaging receiver on a common
gimbaled telescope that senses natural electromagnetic radiation from a mmW scene that includes one or more targets.
The PmmW imaging receiver is immune to the e"ects of thermal blooming and in-band electromagnetic re!ections that
plague traditional optical tracking systems. The PmmW imaging receiver operates in a portion of the electromagnetic
spectrum distinct from the IR bands associated with thermal blooming or the HEL laser. In the case of a HPM source, the
re!ected energy is either in a di"erent RF band and/or of diminished amplitude such as to not interfere with operation of
the PmmW imaging receiver. Although lower resolution than traditional optical imaging, PmmW imaging provides a viable
alternative for target tracking when the DE weapon is actively prosecuting the target and provides additional tracking
information when the DE weapon is not engaged.
Referring now to FIG. 1, an embodiment of a DE weapon and tracking system 100 include a gimbal 102 con#gured to slew
and point an axis of a telescope 104 at a target 106. Telescope 104 includes at least #rst and second apertures 108 and
110, respectively. A DE weapon 112 includes a source of electromagnetic energy e.g., laser or microwave, for generating
and transmitting a directed energy beam 114 through the #rst aperture 108, which depending on the source may be
either an optical or electronic aperture, to prosecute the target 106 in an active prosecution mode. A passive millimeter
wave (PmmW) imaging receiver 116 is con#gured to form on an optical detector array 118, a #rst optical image of a mmW
scene 120 within a #eld of view of the receiver from mmW signals 122 received through the second aperture 110, which is
an electronic aperture. A processing circuit 124 is con#gured to process the optical image to provide real-time assessment
of target tracking without e"ects of thermal blooming during the active prosecution mode.
PmmW imaging receiver 116 is a subsystem that receives and processes electromagnetic radiation in the mmW band
including frequencies between 30 GHz and 300 GHz in a manner making possible the reconstruction of an image of the
mmW scene 120. A mmW phased-array antenna 126, a mmW to optical converter 128, an optical imager 130, and optical
detector optics 132 (which may include a lens) together form the PmmW imaging receiver 116. Phased-array antenna 126
includes a plurality of antenna elements mounted within the telescope and arranged in a #rst pattern con#gured to
receive mmW signals 122 from natural electromagnetic radiation through the second aperture 110 of mmW scene 120
within a #eld of view of the PmmW imaging receiver. The mmW to optical converter 128 includes a plurality of electrooptic modulators corresponding to the plurality of antenna elements. Each modulator is con#gured to modulate an
optical carrier with a received mmW signal to generate a plurality of modulated optical signals. A plurality of optical
channels 134 (such as optical #bers) are con#gured to carry the plurality of modulated optical signals. Each of the plurality
of optical channels having an output to emanate the corresponding modulated optical signal out of the corresponding
optical channel with the outputs of the plurality of optical channels arranged in a second pattern corresponding to the
#rst pattern. The patterns “correspond” when the physical arrangement of the optical #bers is the same as the physical
arrangement of the antenna elements. The spacing of the optical #bers and antenna elements is di"erent due to the
di"erent wavelengths. Optical imager 130 includes a #rst composite signal channel, adjacent to the plurality of outputs of
the plurality of optical channels, con#gured to receive the plurality of modulated optical signals to form a #rst composite
optical signal 135. The optical detector array 118 is con#gured to receive at least a portion of the composite optical signal
and to extract the #rst optical image of the mmW scene including at least the portion of the target within the directed
energy beam 114.
The PmmW imaging receiver 116 provides the “core” imaging capability of the DE weapon system's tracking system. The
PmmW imaging receiver is not susceptible to either thermal blooming of the target caused by engagement of the DE
weapon nor re!ections of the DE beam o" of the target. Although of lower resolution than optical imaging systems, the
resolution of the mmW band should be su$cient to provide required target tracking information whether the DE weapon
is actively prosecuting the target or not. In particular, the PmmW imaging supports maintaining an aimpoint on the target
or extracting battle damage assessment (BDA) of the target with an area on the target illuminated by the DE beam based
on received mmW signals.
The architecture of the PmmW imaging receiver converts received mmW signals to corresponding optical signals to
leverage compact lightweight optical components, optical detection and optical processing capabilities. Only the front end
phased-array antenna is implemented in the mmW region of the electromagnetic spectrum. Implementation of an end-toend mmW imaging system would be bulky, expensive and beyond the processing capabilities of current electronics. A
more complete description of an exemplary architecture is described in Christopher A. Schuetz et. al “A Promising
Outlook for Imaging Radar: Imaging Flash Radar Realized Using Photonic Spatial Beam Processing” IEEE Microwave
Magazine, vol. 19.3.91-101 (2018) and in related U.S. Pat. No. 10,164,712 entitled “Phased-Array Radio Frequency Receiver”
issued Dec. 25, 2018 the contents of which are hereby incorporated by reference.
This architecture allows for integration of the mmW imaging capabilities with more traditional optical capabilities such as
passive or active optical imaging, ladar range #nding (e.g. LADAR) as well as with the DE weapon itself in the case of a HEL
source. This integration may reduce size, weight and cost of the DE weapon and tracking system without sacri#cing
performance. Furthermore, the tracking system now has the bene#t of imaging capabilities in both the optical and mmW
bands. Optical imaging provides tracking information based on visible and/or IR features of a target whereas mmW
imaging provides tracking information based on mmW features such as varying material densities, or presence of metal
within an object. For example, if the target is a missile in !ight, optical imaging may detect the thermal signature of the
body of the missile and the exhaust whereas mmW may detect seems and joints within the airframe, or the location of
electronic components within the body. When the DE weapon is not engaged in an active operation mode, the system can
fuse both the optical and mmW tracking information. When the DE weapon is engaged in an active operation mode, the
system may use only the mmW tracking information.
Referring again to FIG. 1, an embodiment for integrating traditional optical capabilities includes an optical imaging
receiver 140 coupled to an optical aperture 142 to receive optical signals 144 from an optical scene 146. An optical
telescope 150 and detector optics 132 (shared with the PmmW imaging receiver) form the optical imaging receiver 140.
An optical beam combiner 154 combines the composite optical signal 135 with received optical signals 144 in a common
signal path 156. As used herein, an “optical beam combiner” is any passive optical system that has at least two inputs and
at least one output, the light at the output being a linear combination of the light at the inputs. It may be a partially
silvered mirror, for example, or it may include powered elements such as lenses. In some embodiments, it may include,
for example, a grating or prism to combine di"erent wavelengths.
The optical imaging receiver 140 and the one or more optical beam combiners 154, optical detector array 118, and the
processing circuit 124 being together con#gured to form, on the optical detector array, a second optical image of optical
scene 146 within a #eld of view of the optical imaging receiver. The processing circuit is con#gured to process the #rst and
second optical images to provide real-time assessment of target tracking of the target based on both the received mmW
and received optical signals.
Each detector in the optical detector array 118 converts the received light into electric charge. A read out integrated circuit
158 measures the electric charge over a speci#ed interval and outputs digital signals proportional to the charge. The
processing circuit 124 converts this digital signal into the proper format to create an optical image of the scene on a
display 160 for human-in-the-loop operation or a navigator 162 for autonomous operation. The optical detector array 118
may periodically be reset and the time interval between any such reset, and a subsequent read-out of the cumulative
photon detections since the reset may be referred to as a “frame”. The processing circuit 124 may receive data from the
detectors in the optical detector array 118 from the read out integrated circuit 158 and cause the display 160 to display
images of the optical scene 146 or the mmW scene 120.
The term “processing circuit” is used herein to mean any combination of hardware, #rmware, and software, employed to
process data or digital signals. Processing circuit hardware may include, for example, application speci#c integrated
circuits (ASICs), general purpose or special purpose central processing units (CPUs), digital signal processors (DSPs),
graphics processing units (GPUs), and programmable logic devices such as #eld programmable gate arrays (FPGAs). In a
processing circuit, as used herein, each function is performed either by hardware con#gured, i.e., hard-wired, to perform
that function, or by more general purpose hardware, such as a CPU, con#gured to execute instructions stored in a nontransitory storage medium. A processing circuit may be fabricated on a single circuit wiring board (PCB) or distributed
over several interconnected PCBs. A processing circuit may contain other processing circuits; for example a processing
circuit may include two processing circuits, an FPGA and a CPU, interconnected on a PCB.
In some embodiments, the optical detector array 118 may simultaneously receive both mmW signals 122 and optical
signals 144 to display an image as a superposition of an image of the mmW scene 120 and an image of the optical scene
146. In other embodiments, an image separation circuit may be employed to separate images corresponding to the mmW
signals and the optical signals. For example, if the wavelength bands of the optical signals received at the optical detector
array 118 from the mmW and optical channels di"er, an optical detector #lter 170 may be employed between the optical
detector optics 132 and the optical detector array 118 to separate the signals in time or space. If the optical detector #lter
170 is implemented as a #lter wheel with two bandpass #lters, each corresponding to one of the two wavelength bands,
the mmW and optical signals can be time multiplexed onto a single optical detector array 118. Alternately, if the optical
detector #lter 170 is implemented as an interleaver that physically separates the mmW and optical #lters, the mmW and
optical signals can be spatially multiplexed onto a pair of optical detector arrays 118. In a related embodiment, the optical
detector array 118 may itself be wavelength selective, having for example an array of dual-band pixels, each of which is
sensitive in di"erent bands (corresponding to the mmW and optical channels respectively) under di"erent bias
conditions. In some embodiments, the sensing system includes an optical transmitter 172 (e.g., an infrared (IR)
transmitter) to illuminate the optical scene 146. Optical transmitter 172 may be used to create an active optical sense
mode and/or to facilitate ranging to the target. The ranging circuit may include a timing circuit 174 for controlling the
timing of pulses transmitted by the optical transmitter 172, and for controlling the optical detector array 118 and read out
integrated circuit 158 to perform accurate time of !ight measurements. There are many di"erent techniques to separate
the mmW and optical signals, passive or active, and to implement the separation circuit for read out of the images of the
mmW and optical scenes. For a complete recitation of these various techniques, one is directed to co-pending U.S. patent
application Ser. No. 16/276,537 entitled “Optical and Radio Frequency Sensor” #led on Feb. 14, 2019, which is hereby
incorporated by reference. Referring now to FIGS. 2 and 3a-3b, an embodiment of a DE weapon and tracking system 200
uses a HEL as the source for the DE weapon and combines a PmmW imaging receiver 201 with active/passive optical
imaging and laser range #nding to provide target tracking information. A gimbal 202 is con#gured to slew and point an
axis of a telescope 204 including an optical aperture 206 and an electronic aperture 208 at a target. Optical aperture 206
allows light 210, passive or re!ected, from the target to enter and internally generated light 212 such as from a HEL 214
for generating and transmitting a directed energy beam or an optical transmitter 216 to exit. Electronic aperture 208
allows mmW emissions 218 from the target to enter.
An optical channel is coupled to optical aperture 206 to facilitate light entering or exiting optical aperture 206. The optical
channel may include a steering mirror 220 that is con#gured as a fast moving morrow with X and Y control to assist in
pointing the directed energy beam toward the target and a deformable mirror 222 con#gured as an adaptive optical
element that can change shape to correct for wavefront errors in the directed energy beam, either through atmospheric
e"ects or optical elements, to maximize power on the target.
Aperture sharing elements 224, 226 and 228 are used to combine and/or separate multiple optical channels into a
common signal path 230. These elements may be dichroic elements and may require that the multiple optical channels
have di"erent optical wavelengths or bands. Aperture sharing element 226 combines the directed energy beam into the
common signal path 230, which is directed o" of the deformable mirror 222 and steering mirror 220 to direct maximum
power onto the target. The directed energy beam suitably is centered in a di"erent optical band than the active or passive
optical light from the target. Aperture sharing element 228 combines low power optical energy (e.g., a laser beam) from
optical transmitter 216 into the common signal path 230, which is also directed o" of the deformable mirror 222 and
steering mirror 220 to illuminate the target. Aperture sharing element 224 combines a composite optical signal 232 from
the PmmW imaging receiver 201 that represents a mmW band image of the target into the common signal path 230. The
composite optical signal 232 is suitable centered in a di"erent optical band than the active or passive optical light 210
from the target.
A #lter wheel 234 with two bandpass #lters, each corresponding to one of the two wavelength bands for the composite
optical signal 232 and optical light 210, alternately passes one wavelength band and then the other to time multiplex the
received mmW and optical signals through optical detector optics 236 onto a single optical detector array 238 to
alternately form a #rst optical image of a mmW scene and a second optical image of an optical scene. A ROIC 240 reads
out the images from the optical detector array 238 and provides them to a processing circuit 242 con#gured to process
the #rst and second optical images to provide real-time assessment of target tracking. Processing circuit 242 is also
con#gured to provide control signals to the steering mirror 220 to provide #ne pointing adjustments and to deformable
mirror 222 to provide waveform corrections. The system may also include a wavefront sensor (not shown) that measures
the wavefront error produced by air turbulence between the HEL and the target. This data is provided to processing
circuit 242 and used to control deformable mirror 222.
An mmW channel is coupled to electronic aperture 208 to facilitate mmW emissions 218 entering electronic aperture 208.
The mmW channel includes a mmW phased array antenna 250 with a plurality of mmW antenna elements 252 positioned
on the telescope 204 within electronic aperture 208 in a #rst pattern. The received mmW signals at each antenna element
252 are suitably routed via a wire 254 to mmW to optical upconverter 256, which is fed by an optical local oscillator signal
col from an optical local oscillator 258 and upconverts each mmW signal to a corresponding modulated optical signal. A
plurality of optical channels 260 (such as optical #bers) are con#gured to carry the plurality of modulated optical signals.
Each of the plurality of optical channels having an output to emanate the corresponding modulated optical signal out of
the corresponding optical channel with the outputs of the plurality of optical channels arranged in a second pattern
corresponding to the #rst pattern. An optical imager 262 provides a #rst composite signal channel, adjacent to the
plurality of outputs of the plurality of optical channels 260, con#gured to receive the plurality of modulated optical signals
to form the composite optical signal 232. Optical imager 262 includes an optical beam combiner 264 having a #rst input
couple to the outputs of the plurality of optical channels 260 arranged in the second pattern and a second input fed by
optical local oscillator signal ω2 from optical local oscillator 258. An optic 266 images the optical local oscillator signal ω2
onto the beam combiner. Optical elements 268, 270 and 280 redirect composite optical signal 232 to aperture sharing
element 224 to inject composite optical signal 232 into the common signal path 230.
In some embodiments, the mmW to optical converter 256 includes a corresponding plurality of electrical components
such as low noise ampli#ers and/or #lters, 274 and an array of electro-optical (E/O) modulators 276. Each E/O modulator
276 has an optical local oscillator input fed by an optical local oscillator signal w1 from an optical local oscillator 258, a
modulation input, and an output. In some embodiments, each E/O modulator 276 is a phase modulator, which may
include a nonlinear crystal (e.g., a lithium niobate crystal) the index of refraction of which depends on an electric #eld
applied across it. In operation, a mmW tone received by one of the antenna elements 252, ampli#ed by one of the low
noise ampli#ers and input to one of the E/O modulators 276 may cause phase modulation of the optical local oscillator
signal, resulting, at the output of the E/O modulator 276, in a signal (the modulated optical signal) including a carrier
component, an upper sideband, and a lower sideband. For large modulation depth, other sidebands may also be present,
and the carrier may be suppressed (or entirely absent, if the modulation depth corresponds to a zero of the zeroth Bessel
function of the #rst kind).
The phase of the upper sideband may be equal to the sum of the phase of the optical local oscillator signal and the phase
of the mmW tone. The output of each phase modulator may be connected to a #lter (e.g., a high-pass or band-pass #lter)
that allows the upper modulation sideband to pass and rejects or blocks the carrier and the lower modulation sideband.
As such, each of the modulators in such an embodiment acts as a phase-preserving frequency converter. An amplitude
modulator (e.g., an electro-absorption modulator or a Mach-Zehnder interferometer having a phase modulator in each
arm, the phase modulators being driven in opposite directions by the radio frequency modulating signal), similarly
followed by a #lter that passes one modulation sideband while blocking the carrier and the other modulation sideband,
may similarly act as a phase-preserving frequency converter.
The phase-preserving property of the phase-preserving frequency converters may make it possible to form, on the optical
detector array 238, an optical image of the mmW scene on the target. For example, near-planar mmW waves received by
the phased array antenna 250 from a distant mmW point source may have a phase that varies nearly linearly across the
antenna elements of the array antenna, with a phase slope across the array antenna corresponding to the direction from
which the waves arrive. This phase slope may be preserved at the outputs of the mmW to optical converter 256, causing
the optical detector optics 236 to focus the optical signal at the output of the mmW frequency to optical converter 256 to
a single detector in the optical detector array 238, the location of the point corresponding to the direction from which the
mmW waves arrive at the phased array antenna 250.
Referring now to FIGS. 4a-4b and 5a-5b, in an inactive prosecution mode in which the DE weapon is not engaged with a
target 300, an image 302 of an optical scene e.g. optical emissions or re!ections of a missile provides high-resolution
features 304 of the missile as well as its exhaust plume 306 while an image 308 of a mmW scene e.g. natural mmW
emissions of the missile provides lower-resolution features of the missile. Although lower-resolution, the mmW imager
may detect features such as joints, seams, or changes in material density on the missile not visible to the optical sensor.
During the inactive prosecution mode, the system can fuse the images of the optical and mmW scenes to access a richer
feature set than either sensor can provide individually. In an active prosecution mode in which the DE weapon is engaged
with target 300, an image 310 of the optical scene is at least partially obscured by thermal blooming 312 associated with
heating of at least a portion of the missile. Unfortunately the obscured portion of the missile is that portion engaged by
the DE weapon that would include the aimpoint for ongoing tracking and prosecution and the area where battle damage
assessment (BDA) would be desirable in real-time. Fortunately, an image 314 of the mmW scene is not a"ected by
thermal blooming. The use of the mmW imaging sensor allows for maintenance of an aimpoint 316 and a BDA 318 in realtime as the DE weapon is engaged with the target.
Referring now to FIGS. 6 and 7a-7b, an embodiment of a DE weapon and tracking system 400 uses a HPM source for the
DE weapon and combines a PmmW imaging receiver 201 of the type previously described with active/passive optical
imaging and laser range #nding to provide target tracking information. A gimbal 402 con#gured to slew and point an axis
of a telescope 404 including an optical aperture 406 and #rst and second electronic aperture 408 and 410 at a target.
Optical aperture 406 allows light 412, passive or re!ected, from the target to enter and internally generated light 414 such
as from an optical transmitter 416 to exit. Electronic aperture 408 allows a directed energy beam 418 from an HPM source
420 to exit towards the target. Electronic aperture 410 allows mmW emissions 422 from the target to enter.
An optical channel is coupled to optical aperture 406 to facilitate light entering or exiting optical aperture 406. Aperture
sharing elements 424, 426, 428 and 430 are used to combine and/or separate multiple optical channels into a common
signal path 432. Speci#cally, aperture sharing element 424 combines composite optical signal 232 from PmmW imaging
receiver 201 into the common signal path. An interleaver 434 in the common signal path physically separates the optical
energy into two separate paths, each corresponding to one of the two wavelength bands for the composite optical signal
232 and light 412, to spatially multiplex the received mmW and optical signals. Composite optical signal 232 is directed
through optical detector optics 436 onto a single optical detector array 438 to form a #rst optical image of a mmW scene.
A ROIC 440 reads out the images from the optical detector array 438 and provides them to a processing circuit 442. Light
412 is directed through optical detector optics 444 onto a single optical detector array 446 to form a second optical image
of an optical scene. A ROIC 448 reads out the images from the optical detector array 446 and provides them to processing
circuit 442, which is con#gured to process the #rst and second optical images to provide real-time assessment of target
tracking. Processing circuit 442 is also con#gured to provide control signals to the gimbal to maintain aimpoint on the
target during engagement, and provide BDA and tracking information to an operator that may be present.
While several illustrative embodiments of the invention have been shown and described, numerous variations and
alternate embodiments will occur to those skilled in the art. Such variations and alternate embodiments are
contemplated, and can be made without departing from the spirit and scope of the invention as de#ned in the appended
claims.

Claims
1. A directed energy (DE) weapon and tracking system, comprising:
a gimbal con#gured to slew and point an axis at a target;
a telescope on the gimbal, said telescope including at least a #rst and second apertures;
a DE weapon including a source of electromagnetic energy for generating and transmitting a directed energy beam
through the #rst aperture to prosecute at least a portion of the target in an active prosecution mode; and
a passive millimeter wave (PmmW) imaging receiver comprising, a phased-array antenna including a plurality of
antenna elements mounted within the telescope and arranged in a #rst pattern con#gured to receive mmW signals
through the second aperture of a mmW scene within a #eld of view of the PmmW imaging receiver; a plurality of
electro-optic modulators corresponding to the plurality of antenna elements, each modulator con#gured to
modulate an optical carrier with a received mmW signal to generate a plurality of modulated optical signals; a
plurality of optical channels con#gured to carry the plurality of modulated optical signals, each of the plurality of
optical channels having an output to emanate the corresponding modulated optical signal out of the corresponding
optical channel, the outputs of the plurality of optical channels arranged in a second pattern corresponding to the
#rst pattern; and a #rst composite signal channel, adjacent to the plurality of outputs of the plurality of optical
channels, con#gured to receive the plurality of modulated optical signals to form a #rst composite optical signal;
a #rst optical detector array con#gured to receive at least a portion of the composite optical signal and to extract a
#rst optical image of the mmW scene including at least the portion of the target within the directed energy beam;
and
a processing circuit con#gured to process the #rst optical image to provide real-time assessment of target tracking
based on the received mmW signals of the mmW scene during the active prosecution mode.
2. The DE weapon and tracking system of claim 1, wherein the mmW signals include frequencies between 30 GHz and 300
GHz.
3. The DE weapon and tracking system of claim 1, wherein the #rst aperture comprises an optical aperture, wherein the
source of DE weapon comprises a high energy laser (HEL) that generates a directed laser beam that is transmitted
through the optical aperture.
4. The DE weapon and tracking system of claim 1, wherein the #rst aperture comprises an electronic aperture, wherein
the source of DE weapon comprises a high power microwave (HPM) that generates a directed radio frequency (RF) beam
that is transmitted through the electronic aperture.
5. The DE weapon and tracking system of claim 4, wherein the directed RF beam constitutes the only illumination of the
target.
6. The DE weapon and tracking system of claim 1, wherein the processing circuit maintains an aimpoint on the target
within an area on the target illuminated by the directed energy beam during the active mode prosecution.
7. The DE weapon and tracking system of claim 1, wherein the processing circuit extracts battle damage assessment of
the target within an area on the target illuminated by the directed energy beam during the active prosecution mode.
8. The DE weapon and tracking system of claim 1, wherein the PmmW imaging receiver provides real-time assessment of
target tracking during both active and inactive prosecution modes.
9. The DE weapon and tracking system of claim 1, further comprising:
an optical aperture;
an optical imaging receiver coupled to the optical aperture,
a second optical detector array,
the optical imaging receiver, the second optical detector array, and the processing circuit being together con#gured
to form, on the second optical detector array, a second optical image of an optical scene within a #eld of view of the
optical imaging receiver including the target to provide real-time target tracking based on received optical signals,
wherein a resolution of the portion of the target in the mmW scene is coarser than a resolution of the portion of the
target in the optical scene.
10. The DE weapon and tracking system of claim 9, wherein the processing circuit provides real-time target tracking based
on received optical signals during an inactive prosecution mode.
11. The DE weapon and tracking system of claim 10, further comprising an optical transmitter con#gured to illuminate the
optical scene, wherein the processing circuit provides real-time target tracking based on both the received mmw signals
and the received optical signals.
12. The DE weapon and tracking system of claim 11, further comprising a ranging circuit for measuring a time of !ight
between an optical pulse emitted by the optical transmitter and a signal, from the second optical detector array,
corresponding to a re!ection from the optical scene of the optical pulse.
13. The DE weapon and tracking system of claim 9, further comprising:
an optical beam combiner con#gured to combine the #rst composite optical signal from the PmmW imaging
receiver and a second composite optical signal from the optical imaging receiver in a common signal channel; and
an image separation circuit to separate the #rst and second optical images for read out from the #rst and second
optical detector arrays.
14. The DE weapon and tracking system of claim 13, wherein the #rst and second optical detectors are a common optical
detector array.
15. A directed energy (DE) weapon and tracking system, comprising:
a gimbal con#gured to slew and point an axis at a target;
a telescope on the gimbal, said telescope including at least a #rst and second apertures;
a DE weapon including a source of electromagnetic energy for generating and transmitting a directed energy beam
through the #rst aperture to prosecute the target in an active prosecution mode;
a passive millimeter wave (PmmW) imaging receiver con#gured to form on an optical detector array, an optical
image of a mmW scene within a #eld of view of the receiver from mmW signals received through the second
aperture; and
a processing circuit con#gured to process the optical image to provide real-time assessment of target tracking
without e"ects of thermal blooming during the active prosecution mode.
16. A directed energy (DE) weapon and tracking system, comprising:
a gimbal con#gured to slew and point an axis at a target;
a telescope on the gimbal, said telescope comprising an optical aperture and an electronic aperture;
a DE weapon including a high energy laser (HEL) source of electromagnetic energy for generating a directed energy
beam;
a passive millimeter wave (PmmW) imaging receiver coupled to the electronic aperture;
an optical imaging receiver coupled to the optical aperture;
one or more optical beam combiners;
at least one optical detector array;
an image separation circuit; and
a processing circuit;
the one or more optical beam combiners being con#gured to combine in a common signal path: an optical signal of
the PmmW imaging receiver, an optical signal of the imaging optical receiver, and the electromagnetic energy of the
HEL to transmit the directed energy beam through the optical aperture to prosecute the target,
the PmmW imaging receiver, the one or more optical beam combiners, the image separation circuit and the at least
one optical detector array, and the processing circuit being together con#gured to form, on the at least one optical
detector array, a #rst optical image of a mmW scene within a #eld of view of the PmmW imaging receiver,
the optical imaging receiver and the one or more optical beam combiners, the image separation circuit, the at least
one optical detector array, and the processing circuit being together con#gured to form, on the at least one optical
detector array, a second optical image of an optical scene within a #eld of view of the optical imaging receiver,
the processing circuit con#gured to process the #rst and second optical images to provide real-time assessment of
target tracking of the target.
17. The DE weapon and tracking system of claim 16, wherein the processing circuit provides real-time target tracking
based on both the received optical and mmW signals during an inactive prosecution mode and real-time target tracking
based on at least the received mmW signals during an active prosecution mode.
18. The DE weapon and tracking system of claim 16, further comprising an optical transmitter con#gured to generate an
optical signal to illuminate the optical scene, wherein said one or more optical beam combiners combine the optical signal
from the optical transmitter in the common signal path.
19. The DE weapon and tracking system of claim 18, wherein the processing circuit provides real-time target tracking
based on both the received mmW signals and the received optical signals in a passive sense mode in which the optical
transmitter is o".
20. The DE weapon and tracking system of claim 18, further comprising a ranging circuit for measuring a time of !ight
between an optical pulse emitted by the optical transmitter and a signal, from the second optical detector array,
corresponding to a re!ection from the optical scene of the optical pulse.
21. The DE weapon and tracking system of claim 16, wherein a resolution of the portion of the target in the mmW scene is
coarser than a resolution of the portion of the target in the optical scene.
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