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(57) Abstract: A smart street lighting system and
method employs a plurality of street lights having a
luminaire, a luminaire associate and a support pole.
A communications module is contained within the
luminaire associates and a power line is contained
within the support poles. The power line is coupled
to the communications module, the luminaire asso-
ciate and the luminaire, and a steerable millimeter
wave radar operatively coupled to the communica-
tions module. The communications module operates
in a radio frequency network in a frequency range
of 57-64 GHz. The steerable millimeter wave radar
provides a signal reflected from a target that may be
received by one of the luminaire associates within
the system. A powerline communications system in-
terfaces with the radio frequency network to
provide communications between the communica-
tions modules in the street lights and the PLC sys-
tem.
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STREET LIGHTING COMMUNICATIONS, CONTROL, AND SPECIAL SERVICES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is a non-provisional of and claims the benefit of U.S. Provisional Patent
Applications Serial Nos. 61/907,069, 61/907,078, 61/907,090, 61/907,114, 61/907,133,
61/907,150, 61/907,168, 61/907,188 and 61/907,210 filed on November 21, 2013, the entire

contents of which are incorporated herein by reference.

BACKGROUND
[0002] As a society moves forward, it is faced with the perennial problem of an aging
infrastructure. Any large infrastructure immediately begins to age after completion. Much of the
technology used in its construction ages by the time the infrastructure project is finished. As
technology moves forward, as social mores evolve and the populace’s expectations shift,
technology improvements and changes to the infrastructure will be irresistibly mandated. One
prominent example of such concerns street lighting.
[0003] Street lighting continues to be one of a city’s most important and pressing concerns for
various reasons. A first reason is to ensure that adequate lighting is provided for the safety of
pedestrian, bicyclists, vehicle operators and passengers. A second reason is cost. Conventional
lighting is costly to operate and to maintain. It is for this reason that many city infrastructure
authorities have decided to either replace or newly install street lighting that is LED-based.
Improvement of the monitoring and control of the street lighting is also entailed in upgrading a
street lighting architecture.
[0004] In general it is not sufficient to just improve a single infrastructure but it is desirable to
integrate various and disparate infrastructures in order to create a synergistic result that can be
derived from using their various functions in combination with one another. An upgraded
infrastructure may also provide “hooks and handles” for interfacing with future additions to the

infrastructure, such as accommodating additional functions and public service missions.
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[0005] There is therefore a need to upgrade street lighting infrastructure and accommodate

other societal services with improvements to street lighting architecture.

SUMMARY

[0006] A smart street lighting system and method employs a plurality of street lights, each
having a luminaire, a luminaire associate, and a support pole, a communications module within
each of the luminaire associates, a power line within each of the support poles, the power line is
coupled to the communications module, the luminaire associate and the luminaire, and may have
a steerable millimeter wave radar operatively coupled to the communications module. The
communications module operates in a radio frequency network in a frequency range of 57-64
GHz.

[0007] An embodiment allows for assessing the existence of open parking spaces using a
millimeter wave radar.

[0008] Another embodiment allows for the assessing traffic density and using Doppler
information derived from the millimeter wave radar to estimate traffic flow rates.

[0009] Another embodiment employs a Doppler-polarimetry mode for the millimeter wave

radar to alert of a pedestrian carrying a metallic object.

BRIEF DESCRIPTION OF THE ILLUSTRATIONS

[0010] FIG. 1A is an illustration of segmentation within a lighting fixture according to one

embodiment.

[0011] FIG. 1B is a partial illustration for a communications, control and special service

module in a luminaire associate according to one embodiment.

[0012] FIG. 2A is an illustration for an example of an radio frequency (RF) communications

connected street lighting system with a common powerline according to one embodiment.
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[0013] FIG. 2B is an illustration for an example of an RF mesh communications connected

street lighting system according to one embodiment.

[0014] FIG. 3A is a prior art illustration of oxygen attenuation per kilometer at sea level versus

frequency according to one embodiment.

[0015] FIG. 3B is a prior art illustration of rain attenuation per kilometer versus rain rate at

60 GHz according to one embodiment.

[0016] FIG. 4 is an illustration of the geometry for a direct and a reflected wave between two

lighting fixtures according to one embodiment.

[0017] FIG. 5 is an illustration of an access port to a PLC network according to one

embodiment.

[0018] FIG. 6 is an illustration of special services relating to vehicle monitoring according to

one embodiment.

[0019] FIG.7 is an illustration of a steerable millimeter wave radar with Doppler polarimetric

capability according to one embodiment.

[0020] FIG. 8 is an illustration of an operator remotely operating the steerable millimeter wave

radar with Doppler polarimetric capability according to one embodiment.

DETAILED DESCRIPTION

[0021] An embodiment of the invention is illustrated by the lighting fixtures of the lighting
system shown in FIG. 1A. The lighting fixture 100 comprises a lamp or luminaire 110, supported
by a luminaire associate 120. The luminaire associate 120 may include electronic components,

electrical circuitry, and mechanical couplings associated with the mounting and control of the
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luminaire 110. The luminaire associate 120 may be mounted atop a pole 130 that also provides a
conduit for the powerline 140 serving the luminaire associate 120 and the luminaire 110.

[0022] FIG. 1B is an illustration for an embodiment of a luminaire associate 120 with a
communications module 125. The communications module 125 provides communications
facilities and may provide control and special service functions, thereby forming a
communications, control and special service (C2S2) module 125. In an embodiment, the C2S2
module 125 may provide sophisticated services. These services may be in addition to or in place
of communications services.

[0023] An embodiment envisions that the C2S2 module 125 may provide a one-way or two-
way communication link to an RF network that supports several functions including control of
the street lighting system. In an embodiment, the C2S2 module 125 may also monitor the
individual luminaire that it is physically mounted upon. Embodiments are envisioned wherein an
individual luminaire may use one or more sensors 127 to gather information on that luminaire’s
condition. Data may be collected detailing information such as the physical integrity of the
luminaire, the luminaire’s operational condition, such as its light output and power consumption.
The C2S2 module 125 may also host various sensors 128 and antennas 126 for performing other
infrastructure functions such as, for example and not by way of limitation, assessing
environmental conditions, characterizing traffic flow, inventorying a status of parking space
availability and determining if a person walking may be concealing a metal object.

[0024] FIG. 2A is an illustration for an embodiment of a street lighting system 200 having a
common powerline 220. In FIG. 2A each of the eight lighting fixtures 211-218 are connected to
powerline 220 which in turn is connected to a power control function subsystem 230. The power
control function subsystem 230 is a subsystem of the lighting control system that controls
electrical power supplied to the lighting fixtures via power line 220. The power control function
subsystem 230 may also function as a gateway to private networks that may be used by the
lighting control system or public networks such as the Internet.

[0025] Still referring to FIG. 2A, an RF network is shown that may support several functions
within the street lighting system 200. Control of the street lighting system 200 may be realized
by an interconnection of geographically proximate luminaire associates by RF links 225. An

example of links 225 is indicated between luminaire associates of lighting fixtures 211 and 212.
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It should be noted that the arrows between adjacent luminaire associates 211-218 refer to various
RF links 225.

[0026] The RF network may support several functions within a mesh network of luminaires
including control of the street lighting system. FIG. 2B illustrates another section of a street
lighting system comprising lighting fixtures 251-254 in addition to lighting fixtures 211-218 that
together form a mesh network 275. The RF network further comprises an RF link 265 between
lighting fixtures 213 and 251, an RF link 267 between lighting fixtures 215 and 253, and an RF
link 269 between lighting fixtures 218 and 254.

[0027] In some embodiments the power control function subsystem 230 may address and
control and monitor individual luminaires or groups of luminaires via the RF link 235. The
subsystem may receive data concerning one or more luminaires and sensor data provided by the
one or more luminaire C2S2 modules. In some embodiments this data may be sent to the power
control function subsystem 230 via the power line 220, in other embodiments the data may be
transmitted to the power control function subsystem 230 via RF as, for example, by a link 235
from a nearby luminaire associate.

[0028] The RF network may support several functions including controlling the street lighting
system. An embodiment may make use of the seven GHz of contiguous spectrum (57-64 GHz)
that the FCC set aside in 2001 for unlicensed operation. Electromagnetic propagation in this
seven GHz slice of spectrum has notable characteristics that may be used for advantage by the
RF network in its support of several functions including controlling the street lighting system.
The wavelengths are very small, on the order of five millimeters. These short wavelengths will
allow high gain antennas to be realized in a significantly small space. These short wavelengths
will also allow a steerable antenna, or a plurality of antennas, to be mounted in close proximity
to enable beam steering and multi-beam forming.

[0029] There is high attenuation of electromagnetic propagation at sea level due to oxygen
absorption. As illustrated in FIG. 3A, the rate of oxygen absorption ranges from a minimum of 5
dBs per kilometer to a maximum of 16 dBs per kilometer. The high attenuation due to oxygen
absorption will reduce the effects or occurrences of interfering signals. This absorption
phenomenon also imparts a security advantage militating against malicious jamming or
insinuation of unauthorized signals. Humidity does not appear to be a pronounced absorber;

however, rainfall certainly can be a pronounced absorber. FIG. 3B illustrates rain attenuation per



WO 2015/077644 PCT/US2014/066948

kilometer versus rain rate for a 60 GHz transmission. The sensitivity from absorption due to the
rainfall rate per kilometer of a path length can be used to sense the presence of rain and estimate
the rainfall rate. This may be useful information to gather for controlling the illumination times
and intensities of luminaires within the rainfall affected areas.

[0030] Notwithstanding oxygen and rainfall absorption, it is expected that received power
from a transmitter may drop off as approximately the inverse of distance squared rather than
exhibit a higher rate of drop off, such as the inverse fourth power that is noted in some cellular
communication situations. The rapid rate of drop off of received power from a transmitter, noted
in some cellular communication situations, is due to direct and reflected rays negatively
interfering with each other. The breakpoint distance is defined as the distance beyond which the
inverse fourth power law may apply and at the extremely high frequencies of millimeter wave

communications, the breakpoint distance of a two-ray (direct and reflected) model may be quite

large. The breakpoint distance is here denoted as d, and is found by computing
dyp =4hh, /A where A4 is the wavelength and /4, and A, are the respective transmitter and

receiver antenna heights.

[0031] FIG. 4 illustrates the geometry for two lighting fixtures 410, 415 having respective
C2S2 modules 420, 425. As seen in FIG. 4 a direct RF wave between C2S2 420 and C2S2 425
and a reflected RF wave off of the street 430 at location 435. For an example, consider a 60 GHz
transmission between two C2S2s, 420 and 425, having antennas 20 meters above the street. The
frequency of 60 GHz is approximately in the middle of the unlicensed band of the embodiment
of the RF network, 57-64 GHz. For this frequency and for the antenna heights of the
embodiment, d,, =4-20-20/0.005 meters = 320 kilometers . This calculated breakpoint

distance far exceeds the expected inter-lighting fixture spacing distance in a street lighting
system. The fact that the breakpoint distance, beyond which the attenuation rate moves from that
of free space, which is the inverse of distance squared, to that of inverse of distance to the fourth
power, is very large provides confidence that line of sight millimeter wave communications
should function well in the dielectric canyons of a city with tall buildings facing its streets.
[0032] In one embodiment, the RF network may function as a data transport network for
transporting data to and from one or more access ports serving powerline communications (PLC)
systems. The PLC systems may be used to carry modulated data via a powerline and constructed

on a multi-carrier system such as Orthogonal Frequency-Division Multiplexing (OFDM),

6
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Geometric Harmonic Modulation (GHM), or other suitable genre of PLC modulation. PLC
systems may communicate with the RF network through the use of powerline-RF bridges and RF
links to a C2S2 module. Powerline-RF Bridges allow signals on one powerline to be
communicated to another powerline through radio frequency communications. A powerline-RF
bridge may operate in various modes according to differing embodiments. Below are two modes
of operation that Powerline-RF Bridges may employ.

[0033] In the first mode of powerline-RF bridge operation, a first PLC signal is received and
demodulated by a first powerline-RF bridge and the data carried by the first PLC signal is
recovered. The data carried by the first PLC signal is then transmitted to a first C2S2 module by
an RF link between the first powerline-RF bridge and the first C2S2 module. The data travels on
the RF network to a second C2S2 module that has an RF link to a second powerline-RF bridge.
When the data arrives at the second C2S2 module, the data carried by the first PLC signal is
transmitted on the RF link between the second C2S2 module and the second powerline-RF
bridge. The second powerline-RF bridge modulates the data carried by the first PLC signal onto
a second PLC signal which is placed onto a second PLC system.

[0033] In the second mode of powerline-RF bridge operation, a PLC signal is received by a
first powerline-RF bridge and the PLC signal transmitted to a first C2S2 module by an RF link
between the first powerline-RF bridge and the first C2S2 module. The PLC signal travels on the
RF network to a second C2S2 module that has an RF link to a second powerline-RF bridge.
When the PLC signal arrives at the second C2S2 module, the PLC signal is transmitted on the
RF link between the second C2S2 module and the second powerline-RF bridge. The second
powerline-RF bridge places the PLC signal onto a PLC system of the same genre of PLC
modulation as the PLC signal that was received by the first powerline-RF bridge.

[0032] FIG. 5 illustrates an access port 510 to a PLC network. The access port 510 as shown in
FIG. 5 is an electrical wall socket. This illustrates the versatility of the embodiments discussed
herein. The access port 510 may also be a powerline for another set of street lights carrying a
PLC signal or a power system within a dwelling could carry the PLC signal to access port 510.
The PLC signal from the access port 510 is connected by connector 515 to a powerline-RF
bridge 520. The powerline-RF bridge 520 communicates with a C2S52 module 540 by an RF link
530. The RF network transports the PLC signal or PLC data depending upon the mode of the
powerline-RF bridge 520 to another C2S2 module 545 via RF link 535 and then to C2S2 module
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550 via RF link 555 where the PLC signal or the PLC data is transmitted by an RF link 570 to a
powerline-RF bridge 560.

[0033] In one embodiment of the special services provided, the C2S2 module may be equipped
with a millimeter wave radar having a steerable beam employing Doppler measurement
capability and signal processing. The millimeter wave radar beam may be steered in the direction
of traffic and a reflected signal returned to the radar resulting from an interaction of the
illuminating radar beam and the illuminated traffic. The returned signal may be processed and
used to monitor traffic flow characterized by traffic density and the speed of one or more
vehicles. This service may be performed by the C2S2 module of a luminaire as depicted in FIG.
6. A single millimeter wave antenna may be provided to the C2S2 module of a luminaire so that
the antenna transmit aperture can illuminate the roadway and receive a return signal from the
electromagnetic energy reflected from vehicles illuminated by the millimeter wave. This is
depicted by the rays 610 and 620. The returned signal may be processed using signal processing
techniques that are known in the art to estimate traffic conditions such as the number of vehicles
in a stretch of the monitored roadway and also the average speeds of those vehicles.

[0034] In another embodiment of the special services provided, the C2S2 module functions as
a millimeter wave radar to audit the status of parking spaces for vehicle occupancy. For this
embodiment the C2S2 module is fitted with a plurality of antennas or a steerable antenna, both of
which are generally referred to herein as ““a steerable antenna”, and the millimeter wave radar
steers the millimeter wave beam towards particular parking spots 630-680. A vacant parking
space will return a signal significantly different from the signal returned from an occupied
parking space. The return signal can be processed using signal processing techniques well known
in the art to estimate whether or not there is a vehicle in the particular parking spot.

[0035] In yet another embodiment, the C2S2 module may also serve a security function.
Professor Kamal Sarabandi suggested that a millimeter wave radar with Doppler and polarization
capability combined with signal processing may be used in the security arts. His research was
reported by in an article entitled “After Newtown: A new use for a weapons-detecting radar?”
the article was published in Science Daily 4/1/2013, and can be found on the internet at the
location

below. hitp://wwe sciencedatly.conyreleases/201 3/04/1 30401 112040 MaTuim_source={oedburn
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[0036] By combining millimeter wave radar with Doppler processing and a polarimetric
capability, it is envisioned that the C2S2 may be used for remotely assessing the probability that
a walking person may be carrying a concealed metal object. The method uses the Doppler mode
of the millimeter wave radar to identify a person walking, shaping the millimeter wave radar’s
beam so that the millimeter wave radar return from the person walking may be segmented into
returns from portions of the walking person’s body and then performing polarimetric processing
of that segment of the walking person’s return that most likely corresponds to the walking

person’s torso.

[0037]  FIG.7 illustrates a C2S2 module 710 that is equipped with a steerable millimeter wave
radar having Doppler polarimetric capability. A walking target 720 is identified by illuminating
the walking target 720 with the steered and shaped millimeter wave radar beam 730.
Polarimetric processing is then performed on the millimeter wave energy 740 that is returned to
the millimeter wave radar. FIG. 8 illustrates an operator 820 with a control and display console
830 connected to the RF network through an RF link 810. The operator 820 is controlling the
steerable millimeter wave radar with Doppler polarimetric capability included within C2S2 850
to investigate a walking target 720. The polarimetric processing indicates the presence of a
concealed metallic object 840.

[0038] An exemplary technical effect of the methods and systems described herein
includes: (a) generating a melt pool based on the build parameters of the component; (b)
detecting an optical signal generated by the melt pool to measure the size or the temperature of
the melt pool; and (c) modifying the build parameters in real-time based on the size or the
temperature of the melt pool to achieve a desired physical property of the component.

[0039] Some embodiments involve the use of one or more electronic or computing
devices. Such devices typically include a processor or controller, such as, without limitation, a
general purpose central processing unit (CPU), a graphics processing unit (GPU), a
microcontroller, a field programmable gate array (FPGA), a reduced instruction set computer
(RISC) processor, an application specific integrated circuit (ASIC), a programmable logic circuit

(PLC), and/or any other circuit or processor capable of executing the functions described herein.
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[0040] The methods described herein may be encoded as executable instructions
embodied in a computer readable medium, including, without limitation, a storage device, and/or
a memory device. Such instructions, when executed by a processor, cause the processor to
perform at least a portion of the methods described herein. The above examples are exemplary
only, and thus are not intended to limit in any way the definition and/or meaning of the term
processor.

[0041] Exemplary embodiments for enhancing the build parameters for making additive
manufactured components are described above in detail. The apparatus, systems, and methods
are not limited to the specific embodiments described herein, but rather, operations of the
methods and components of the systems may be utilized independently and separately from other
operations or components described herein. For example, the systems, methods, and apparatus
described herein may have other industrial or consumer applications and are not limited to
practice with electronic components as described herein. Rather, one or more embodiments may
be implemented and utilized in connection with other industries.

[0042] Although specific features of various embodiments of the invention may be
shown in some drawings and not in others, this is for convenience only. In accordance with the
principles of the invention, any feature of a drawing may be referenced or claimed in
combination with any feature of any other drawing,.

[0043] This written description uses examples to disclose the invention, including the
best mode, and to enable any person skilled in the art to practice the invention, including making
and using any devices or systems and performing any incorporated methods. The patentable
scope of the invention is defined by the claims, and may include other examples that occur to
those skilled in the art. Such other examples are intended to be within the scope of the claims if
they have structural elements that do not differ from the literal language of the claims, or if they
include equivalent structural elements with insubstantial differences from the literal language of

the claims.

10
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In the Claims
1. A street lighting system, comprising:

a radio frequency (RF) street lighting control system comprising a plurality of
communication links in a 57-64 GHz frequency range;

a plurality of street lights having a luminaire, a luminaire associate, a support pole, and a
power line operatively coupled to the luminaire and the luminaire associate;

a communication module within the luminaire associate that is communicatively coupled
to the RF street lighting control system; and

a steerable millimeter wave radar communicatively coupled to the communications

module.

2. The system of claim 1, further comprising:

a powerline communications (PLC) system coupled to the power line for at least some of
the street lights;

at least one PL.C access port communicatively coupled to the PLC system; and

at least one PLC-RF bridge communicatively coupled to the PLC access port and at least

one of the communication links.

3. The system of claim 2 wherein the communication links transport from a network that

transports data between multiple of the PLC access ports.
4. The system of claim 1 further comprising a power control function that controls power to
the street lights using the RF street lighting control system to transmit instructions to the

communications module in the luminaire associate.

5. The system of claim 1 wherein the millimeter wave radar beam may be steered towards a

target area and a reflected signal returned to the millimeter wave radar.

6. The system of claim 5 wherein the millimeter wave radar has a Doppler processor with

polarimetric processing capability.

11
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7. The system of claim 6 wherein the target area is a traffic area and the reflected signal is

processed by the Doppler processor to determine traffic conditions.

8. The system of claim 7 further comprising a signal processor that allows the millimeter
wave radar with the Doppler processor and polarimetric capability to determine if a person is

concealing a metal object.

9. The system of claim 1 wherein the monitoring and control of the street lights is provided
by at least one sensor within the luminaire associate that is communicatively coupled to the

communication links enabling data transfer between the at least one sensor and the system.

10.  The system of claim 1 wherein the at least one sensor is configured to gather a
predetermined type of information, wherein the predetermined type of information is selected
from at least one of the following: physical integrity of the street light component; operational
condition of the street light component; light output; power consumption; assessing

environmental conditions; characterizing traffic flow; or inventorying parking space availability.

11. A method for communicating information using smart street lights, comprising:

aiming a steerable millimeter wave radar contained within a street lighting system
towards a target arca;

receiving a reflection of millimeter waves from the target area by a millimeter wave
antenna contained within the street lighting system; and

communicating the reflection of millimeter waves to a predetermined destination within
the street lighting system using at least one of a plurality of radio frequency (RF) links in a 57-64
GHz frequency range.

12. The method of claim 11, wherein aiming further comprises aiming the steerable

millimeter wave radar towards a parking area as the target area; and

processing the reflection of millimeter waves to search for open parking spaces.

12
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13. The method of claim 11, further comprising processing the reflection of millimeter

waves with a Doppler processor having a polarimetric processing capability.

14.  The method of claim 13, wherein the target area is a traffic area and processing further
comprises processing the reflection of millimeter waves by the Doppler processor to determine

traffic conditions.

15.  The method of claim 13, further comprises aiming the steerable millimeter wave radar
towards a walking pedestrian as the target area and detecting with the Doppler processor with

polarimetric processing if the walking pedestrian is carrying a metallic object.
16.  The method of claim 11, wherein communicating further comprises communicating
between a first powerline communications (PLC) system and a second PLC system using the RF

links.

17.  The method of claim 11, further comprising monitoring the street light system using the
RF links.

18.  The method of claim 11, further comprising transmitting instructions using the RF links

to control power distributed to the street light system.

13
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