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DYNAMIC SPECTRUM MANAGEMENT

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional
Application No. 61/408,808, which was filed on November 1, 2010, U.S.
Provisional Application No. 61/410,712, which was filed on November 5, 2010,
and U.S. Provisional Application No. 61/423,419, which was filed on December

15, 2010, the contents of which are hereby incorporated by reference herein.

BACKGROUND

[0002] Many wireless devices communicate with each other using a set
of one or more radio spectrum bands that have been statically allocated for
their use. These devices may be referred to as the primary incumbents (or
primary users) of the spectrum that they use. For example, cellular
telephones are primary incumbents of the spectrum licensed by their cellular
operator, and no other device 1s permitted to use this spectrum for
communication unless it 1s registered with the corresponding cellular
operator. Further, while specific spectrum bands are allocated for use by their
primary incumbents, the primary incumbents are not free to use their
allocated bands to operate any type of air interface. For example, a television
service provider cannot independently decide to begin operating a cellular
service on spectrum bands allocated for 1ts use.

[0003] The Federal Communications Commission (FCC) has estimated
that over 70% of the allocated spectrum i1s not being used by its primary
incumbents at any given time, even in crowded areas where usage 1is

intensive. Accordingly, the radio spectrum is being severely underutilized.
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SUMMARY

[0004] A wireless transmit/receive unit (WTRU) 1s described. The
WTRU includes a transceiver, a radio frequency (RF) spectrum sensing unit
and a processing unit. The transceiver transmits over a wireless link. The RF
spectrum sensing unit measures information indicative of usage of a spectrum
by other devices. The processing unit detects a change in performance of the
wireless link. The processing unit also controls the transceiver to transmit a
notification to a DSM engine indicating that the change in the performance of
the wireless link was detected on a condition that the processing unit detects
the change in performance of the wireless link. The processing unit also
receives a sensing task request for the WTRU to measure the information
indicative of the usage of the spectrum by other devices based on the
notification transmitted to the DSM engine indicating that the change in the

performance of the wireless link was detected.

BRIEF DESCRIPTION OF THE DRAWINGS
[0005] A more detailed understanding may be had from the following
description, given by way of example in conjunction with the accompanying
drawings wherein:
[0006] FIG. 1A 1s a system diagram of an example communications
system 1n which one or more disclosed embodiments may be implemented;
[0007] FIG. 1B 1s a system diagram of an example wireless
transmit/receive unit (WTRU) that may be used within the communications
system 1llustrated in FIG. 1A;
[0008] FIG. 1C 1s a system diagram of an example radio access network
and an example core network that may be used within the communications
system 1llustrated in FIG. 1A;
[0009] FIG. 2 1s a diagram of an example dynamic spectrum

management (DSM) network;
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[0010] FIG. 3 1s a diagram of an example wireless transmit/receive unit
(WTRU) that 1s configured to operate as a cognitive radio (CR) node;

[0011] FIG. 4 1s a flow diagram illustrating an example two stage
cooperative sensing method;

[0012] FIG. 5 1s a signal diagram illustrating example signaling for
cooperative sensing;

[0013] FIGs. 6A, 6B and 6C are flow diagrams that illustrate an
example exchange of sensing configuration information to configure a CR node
based on cellular technology;

[0014] FIG. 7 1s a diagram illustrating an example technique for fusion
using I/Q data from CR nodes using periodogram spectrum estimation;

[0015] FIG. 8 1s a diagram of a filter that may be used in an example of
a basic received signal strength indicator (RSSI) scanning using automatic
gain control (AGC) gain technique;

[0016] FIG. 9 1s a diagram 1illustrating a possible implementation of a
time skew between CR nodes in the case of a periodic sensing stage;

[0017] FIG. 10 1s a block diagram of an example architecture for
executing spectrum sensing in a DSM network;

[0018] FIG. 11 1s a block diagram of an example TVWS implementation
of the architecture illustrated in FIG. 10 for executing spectrum sensing in a
DSM network;

[0019] FIGs. 12-17 are signal diagrams illustrating example message
flows between a down-converter, a sensing board and a convergence gateway
(CGW);

[0020] FIGs. 18A and 18B are block diagrams of example DSM-RFSB
software modules;

[0021] FIG. 19 is a flow diagram illustrating an example of the
Blackman Tukey sensing algorithm that may be executed by the Blackman
Tukey software illustrated in FIG. 18B;

[0022] FIG. 20 1s a flow diagram illustrating a method that may be

executed by a window maintenance component for a particular PSD value;

-3-
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[0023] FIG. 21 1s a block diagram of an example TVWS-SSF-S software
module;
[0024] FIG. 22A and 22B is a flow diagram for a method that may be

executed by a results processing unit during an initialization mode;

[0025] FIG. 23A and 23B 1s a flow diagram of a method that may be
executed by a results processing unit during a normal mode;

[0026] FIGs. 24 and 25 are block diagram of other example architectures
for executing spectrum sensing in a DSM network; and

[0027] FIG. 26 1s a flow diagram of an autocorrelation based spectrum
sensing algorithm that may be implemented in the spectrum sensing unit

llustrated in F1Gs. 24 and 25.

DETAILED DESCRIPTION

[0028] FIG. 1A 1s a diagram of an example communications system 100
in which one or more disclosed embodiments may be implemented. The
communications system 100 may be a multiple access system that provides
content, such as voice, data, video, messaging, broadcast, etc., to multiple
wireless users. The communications system 100 may enable multiple wireless
users to access such content through the sharing of system resources,
including wireless bandwidth. For example, the communications systems 100
may employ one or more channel access methods, such as code division
multiple access (CDMA), time division multiple access (TDMA), frequency
division multiple access (FDMA), orthogonal FDMA (OFDMA), single-carrier
FDMA (SC-FDMA), and the like.

[0029] As shown in FIG. 1A, the communications system 100 may
mnclude wireless transmit/receive units (WTRUs) 102a, 102b, 102¢, 102d, a
radio access network (RAN) 104, a core network 106, a public switched
telephone network (PSTN) 108, the Internet 110, and other networks 112,
though it will be appreciated that the disclosed embodiments contemplate any
number of WTRUs, base stations, networks, and/or network elements. Each of

the WTRUs 102a, 102b, 102¢, 102d may be any type of device configured to
4-



WO 2012/061383 PCT/US2011/058781

operate and/or communicate in a wireless environment. By way of example,
the WTRUs 102a, 102b, 102¢, 102d may be configured to transmit and/or
receive wireless signals and may include user equipment (UE), a mobile
station, a fixed or mobile subscriber unit, a pager, a cellular telephone, a
personal digital assistant (PDA), a smartphone, a laptop, a netbook, a
personal computer, a wireless sensor, consumer electronics, and the like.
[0030] The communications systems 100 may also include a base station
114a and a base station 114b. Each of the base stations 114a, 114b may be
any type of device configured to wirelessly interface with at least one of the
WTRUs 102a, 102b, 102c, 102d to facilitate access to one or more
communication networks, such as the core network 106, the Internet 110,
and/or the networks 112. By way of example, the base stations 114a, 114b
may be a base transceiver station (BTS), a Node-B, an eNode B, a Home Node
B, a Home eNode B, a site controller, an access point (AP), a wireless router,
and the like. While the base stations 114a, 114b are each depicted as a single
element, it will be appreciated that the base stations 114a, 114b may include
any number of interconnected base stations and/or network elements.

[0031] The base station 114a may be part of the RAN 104, which may
also include other base stations and/or network elements (not shown), such as
a base station controller (BSC), a radio network controller (RNC), relay nodes,
etc. The base station 114a and/or the base station 114b may be configured to
transmit and/or receive wireless signals within a particular geographic region,
which may be referred to as a cell (not shown). The cell may further be
divided into cell sectors. For example, the cell associated with the base station
114a may be divided into three sectors. Thus, in one embodiment, the base
station 114a may include three transceivers, 1.e., one for each sector of the cell.
In another embodiment, the base station 114a may employ multiple-input
multiple output (MIMO) technology and, therefore, may utilize multiple
transceivers for each sector of the cell.

[0032] The base stations 114a, 114b may communicate with one or more

of the WTRUs 102a, 102b, 102c¢, 102d over an air interface 116, which may be
-5-
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any suitable wireless communication link (e.g., radio frequency (RF),
microwave, infrared (IR), ultraviolet (UV), visible light, etc.). The air interface
116 may be established using any suitable radio access technology (RAT).
[0033] More specifically, as noted above, the communications system
100 may be a multiple access system and may employ one or more channel
access schemes, such as CDMA, TDMA, FDMA, OFDMA, SC-FDMA, and the
like. For example, the base station 114a in the RAN 104 and the WTRUs
102a, 102b, 102¢c may implement a radio technology such as Universal Mobile
Telecommunications System (UMTS) Terrestrial Radio Access (UTRA), which
may establish the air interface 116 using wideband CDMA (WCDMA).
WCDMA may include communication protocols such as High-Speed Packet
Access (HSPA) and/or Evolved HSPA (HSPA+). HSPA may include High-
Speed Downlink Packet Access (HSDPA) and/or High-Speed Uplink Packet
Access (HSUPA).

[0034] In another embodiment, the base station 114a and the WTRUs
102a, 102b, 102¢ may implement a radio technology such as Evolved UMTS
Terrestrial Radio Access (E-UTRA), which may establish the air interface 116
using Long Term Evolution (LTE) and/or LTE-Advanced (LTE-A).

[0035] In other embodiments, the base station 114a and the WTRUs
102a, 102b, 102¢ may implement radio technologies such as IEEE 802.16 (i.e.,
Worldwide Interoperability for Microwave Access (WiMAX)), CDMAZ2000,
CDMA2000 1X, CDMA2000 EV-DO, Interim Standard 2000 (IS-2000), Interim
Standard 95 (IS-95), Interim Standard 856 (IS-856), Global System for Mobile
communications (GSM), Enhanced Data rates for GSM Evolution (EDGE),
GSM EDGE (GERAN), and the like.

[0036] The base station 114b in FIG. 1A may be a wireless router, Home
Node B, Home eNode B, or access point, for example, and may utilize any
suitable RAT for facilitating wireless connectivity in a localized area, such as a
place of business, a home, a vehicle, a campus, and the like. In one
embodiment, the base station 114b and the WTRUs 102¢, 102d may
implement a radio technology such as IEEE 802.11 to establish a wireless

-6-
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local area network (WLAN). In another embodiment, the base station 114b
and the WTRUs 102¢, 102d may implement a radio technology such as IEEE
802.15 to establish a wireless personal area network (WPAN). In yet another
embodiment, the base station 114b and the WTRUs 102¢, 102d may utilize a
cellular-based RAT (e.g., WCDMA, CDMA2000, GSM, LTE, LTE-A, etc.) to
establish a picocell or femtocell. As shown in FIG. 1A, the base station 114b
may have a direct connection to the Internet 110. Thus, the base station 114b
may not be required to access the Internet 110 via the core network 106.

[0037] The RAN 104 may be in communication with the core network
106, which may be any type of network configured to provide voice, data,
applications, and/or voice over internet protocol (VoIP) services to one or more
of the WTRUs 102a, 102b, 102¢, 102d. For example, the core network 106 may
provide call control, billing services, mobile location-based services, pre-paid
calling, Internet connectivity, video distribution, etc., and/or perform high-
level security functions, such as user authentication. Although not shown in
FIG. 1A, 1t will be appreciated that the RAN 104 and/or the core network 106
may be 1n direct or indirect communication with other RANs that employ the
same RAT as the RAN 104 or a different RAT. For example, in addition to
being connected to the RAN 104, which may be utilizing an E-UTRA radio
technology, the core network 106 may also be in communication with another
RAN (not shown) employing a GSM radio technology.

[0038] The core network 106 may also serve as a gateway for the
WTRUs 102a, 102b, 102¢, 102d to access the PSTN 108, the Internet 110,
and/or other networks 112. The PSTN 108 may include circuit-switched
telephone networks that provide plain old telephone service (POTS). The
Internet 110 may include a global system of interconnected computer
networks and devices that use common communication protocols, such as the
transmission control protocol (TCP), user datagram protocol (UDP) and the
internet protocol (IP) in the TCP/IP internet protocol suite. The networks 112
may include wired or wireless communications networks owned and/or

operated by other service providers. For example, the networks 112 may
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include another core network connected to one or more RANs, which may
employ the same RAT as the RAN 104 or a different RAT.

[0039] Some or all of the WTRUs 102a, 102b, 102c¢, 102d in the
communications system 100 may include multi-mode capabilities, 1.e., the
WTRUs 102a, 102b, 102¢, 102d may include multiple transceivers for
communicating with different wireless networks over different wireless links.
For example, the WTRU 102¢ shown in FIG. 1A may be configured to
communicate with the base station 114a, which may employ a cellular-based
radio technology, and with the base station 114b, which may employ an IEEE
802 radio technology.

[0040] FIG. 1B 1s a system diagram of an example WTRU 102. As
shown 1n FIG. 1B, the WTRU 102 may include a processor 118, a transceiver
120, a transmit/receive element 122, a speaker/microphone 124, a keypad 126,
a display/touchpad 128, non-removable memory 130, removable memory 132,
a power source 134, a global positioning system (GPS) chipset 136, and other
peripherals 138. It will be appreciated that the WTRU 102 may include any
sub-combination of the foregoing elements while remaining consistent with an
embodiment.

[0041] The processor 118 may be a general purpose processor, a special
purpose processor, a conventional processor, a digital signal processor (DSP), a
plurality of microprocessors, one or more microprocessors in association with a
DSP core, a controller, a microcontroller, Application Specific Integrated
Circuits (ASICs), Field Programmable Gate Array (FPGAs) circuits, any other
type of integrated circuit (IC), a state machine, and the like. The processor
118 may perform signal coding, data processing, power control, input/output
processing, and/or any other functionality that enables the WTRU 102 to
operate in a wireless environment. The processor 118 may be coupled to the
transceiver 120, which may be coupled to the transmit/receive element 122.
While FIG. 1B depicts the processor 118 and the transceiver 120 as separate
components, 1t will be appreciated that the processor 118 and the transceiver

120 may be integrated together in an electronic package or chip.
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[0042] The transmit/receive element 122 may be configured to transmit
signals to, or receive signals from, a base station (e.g., the base station 114a)
over the air interface 116. For example, in one embodiment, the
transmit/receive element 122 may be an antenna configured to transmit
and/or receive RF signals. In another embodiment, the transmit/receive
element 122 may be an emitter/detector configured to transmit and/or receive
IR, UV, or visible light signals, for example. In yet another embodiment, the
transmit/receive element 122 may be configured to transmit and receive both
RF and light signals. It will be appreciated that the transmit/receive element
122 may be configured to transmit and/or receive any combination of wireless
signals.

[0043] In addition, although the transmit/receive element 122 1is
depicted in FIG. 1B as a single element, the WTRU 102 may include any
number of transmit/receive elements 122. More specifically, the WTRU 102
may employ MIMO technology. Thus, in one embodiment, the WTRU 102
may 1include two or more transmit/receive elements 122 (e.g., multiple
antennas) for transmitting and receiving wireless signals over the air
interface 116.

[0044] The transceiver 120 may be configured to modulate the signals
that are to be transmitted by the transmit/receive element 122 and to
demodulate the signals that are received by the transmit/receive element 122.
As noted above, the WTRU 102 may have multi-mode capabilities. Thus, the
transceiver 120 may include multiple transceivers for enabling the WTRU 102
to communicate via multiple RATs, such as UTRA and IEEE 802.11, for
example.

[0045] The processor 118 of the WTRU 102 may be coupled to, and may
recelive user input data from, the speaker/microphone 124, the keypad 126,
and/or the display/touchpad 128 (e.g., a liquad crystal display (LCD) display
unit or organic light-emitting diode (OLED) display unit). The processor 118
may also output user data to the speaker/microphone 124, the keypad 126,
and/or the display/touchpad 128. In addition, the processor 118 may access

-9-
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information from, and store data in, any type of suitable memory, such as the
non-removable memory 130 and/or the removable memory 132. The non-
removable memory 130 may include random-access memory (RAM), read-only
memory (ROM), a hard disk, or any other type of memory storage device. The
removable memory 132 may include a subscriber identity module (SIM) card,
a memory stick, a secure digital (SD) memory card, and the like. In other
embodiments, the processor 118 may access information from, and store data
in, memory that is not physically located on the WTRU 102, such as on a
server or a home computer (not shown).

[0046] The processor 118 may receive power from the power source 134,
and may be configured to distribute and/or control the power to the other
components in the WTRU 102. The power source 134 may be any suitable
device for powering the WITRU 102. For example, the power source 134 may
include one or more dry cell batteries (e.g., nickel-cadmium (Ni1Cd), nickel-zinc
(N1Zn), nickel metal hydride (NiMH), lithium-ion (Li-10n), etc.), solar cells, fuel
cells, and the like.

[0047] The processor 118 may also be coupled to the GPS chipset 136,
which may be configured to provide location information (e.g., longitude and
latitude) regarding the current location of the WTRU 102. In addition to, or in
lieu of, the information from the GPS chipset 136, the WTRU 102 may receive
location information over the air interface 116 from a base station (e.g., base
stations 114a, 114b) and/or determine its location based on the timing of the
signals being received from two or more nearby base stations. It will be
appreciated that the WTRU 102 may acquire location information by way of
any suitable location-determination method while remaining consistent with
an embodiment.

[0048] The processor 118 may further be coupled to other peripherals
138, which may include one or more software and/or hardware modules that
provide additional features, functionality and/or wired or wireless
connectivity. For example, the peripherals 138 may include an accelerometer,

an e-compass, a satellite transceiver, a digital camera (for photographs or
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video), a universal serial bus (USB) port, a vibration device, a television
transceiver, a hands free headset, a Bluetooth® module, a frequency
modulated (FM) radio unit, a digital music player, a media player, a video
game player module, an Internet browser, and the like.

[0049] FIG. 1C 1s a system diagram of the RAN 104 and the core
network 106 according to an embodiment. As noted above, the RAN 104 may
employ an E-UTRA radio technology to communicate with the WTRUs 102a,
102b, 102c¢ over the air interface 116. The RAN 104 may also be in
communication with the core network 106.

[0050] The RAN 104 may include eNode-Bs 140a, 140b, 140c, though it
will be appreciated that the RAN 104 may include any number of eNode-Bs
while remaining consistent with an embodiment. The eNode-Bs 140a, 140b,
140c may each include one or more transceivers for communicating with the
WTRUs 102a, 102b, 102¢ over the air interface 116. In one embodiment, the
eNode-Bs 140a, 140b, 140c may implement MIMO technology. Thus, the
eNode-B 140a, for example, may use multiple antennas to transmit wireless
signals to, and receive wireless signals from, the WTRU 102a.

[0051] Each of the eNode-Bs 140a, 140b, 140c may be associated with a
particular cell (not shown) and may be configured to handle radio resource
management decisions, handover decisions, scheduling of users in the uplink
and/or downlink, and the like. As shown in FIG. 1C, the eNode-Bs 140a, 140b,
140c may communicate with one another over an X2 interface.

[0052] The core network 106 shown in FIG. 1C may include a mobility
management gateway (MME) 142, a serving gateway 144, and a packet data
network (PDN) gateway 146. While each of the foregoing elements are
depicted as part of the core network 106, i1t will be appreciated that any one of
these elements may be owned and/or operated by an entity other than the core
network operator.

[0053] The MME 142 may be connected to each of the eNode-Bs 142a,
142b, 142c¢ in the RAN 104 via an S1 interface and may serve as a control

node. For example, the MME 142 may be responsible for authenticating users
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of the WTRUs 102a, 102b, 102c, bearer activation/deactivation, selecting a
particular serving gateway during an initial attach of the WTRUs 102a, 102b,
102¢c, and the like. The MME 142 may also provide a control plane function
for switching between the RAN 104 and other RANs (not shown) that employ
other radio technologies, such as GSM or WCDMA.

[0054] The serving gateway 144 may be connected to each of the eNode
Bs 140a, 140b, 140c in the RAN 104 via the S1 interface. The serving gateway
144 may generally route and forward user data packets to/from the WTRUs
102a, 102b, 102c. The serving gateway 144 may also perform other functions,
such as anchoring user planes during inter-eNode B handovers, triggering
paging when downlink data is available for the WTRUs 102a, 102b, 102c,
managing and storing contexts of the WTRUs 102a, 102b, 102¢, and the like.
[0055] The serving gateway 144 may also be connected to the PDN
gateway 146, which may provide the WTRUs 102a, 102b, 102c with access to
packet-switched networks, such as the Internet 110, to facilitate
communications between the WTRUs 102a, 102b, 102c¢c and IP-enabled
devices.

[0056] The core network 106 may facilitate communications with other
networks. For example, the core network 106 may provide the WTRUs 102a,
102b, 102¢ with access to circuit-switched networks, such as the PSTN 108, to
facilitate communications between the WTRUs 102a, 102b, 102c¢ and
traditional land-line communications devices. For example, the core network
106 may include, or may communicate with, an IP gateway (e.g., an IP
multimedia subsystem (IMS) server) that serves as an interface between the
core network 106 and the PSTN 108. In addition, the core network 106 may
provide the WTRUs 102a, 102b, 102¢ with access to the networks 112, which
may include other wired or wireless networks that are owned and/or operated
by other service providers.

[0057] Indoor Wi-F1 equipment, such as laptops, may be compatible with
the Institute of Electrical and Electronics Engineers (IEEE) 802.11g standard.

As such, this equipment may use the specific spectrum that 802.11g devices
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are designed to operate as primary incumbents (or primary users) on, as
specified in the TEEE 802.11g standard. Unlike the cellular spectrum
described above, however, 802.11g operates in an unlicensed band that has no
spectrum regulator. Thus, any wireless communication device may use this
spectrum for its own purpose. Although such use of an unlicensed band 1is
allowed, devices that intend to operate in such a band are expected to ensure
that they do so in a cognitive manner such that they are aware of the presence
of primary incumbents on the band and use it in a non-malicious, co-existing
manner. Other spectrum bands may be used by secondary users in a similar
manner.

[0058] Dynamic spectrum management (DSM) 1s a technology that may
be used to facilitate use of spectrum bands by secondary users in a cognitive
manner. For example, DSM may include identifying and exploiting unused
spectrum fragments by sensing the spectrum and statically or dynamically
assigning spectrum to one or more secondary users in the system. DSM may
be employed across one or more radio access technologies (RATSs) or operators
and may use contiguous or non-contiguous frequency bands. Secondary
spectrum using devices that may operate in a DSM system may be referred to
as cognitive radios. Cognitive radios may be constantly aware of spectrum
usage characteristics and may adaptively use or vacate a spectrum band based
on the presence of one or more of its primary incumbents. The cognitive
radios may also be responsible for sensing the spectrum for occupation by
primary incumbents and reporting the sensing results to a central control unit
(referred to herein as a DSM engine).

[0059] FIG. 2 1s a diagram of an example DSM network 200. The
1llustrated DSM network 200 includes a DSM engine 210, a converged
gateway device (CGW) 220 and a plurality of wireless transmit/ receive units
(WTRUs) 230a, 230b, 230c and 230d. The illustrated WTRUs 230a, 230b,
230c and 230d are configured to operate as cognitive radios (CRs) in addition

to any other functionality they may have and may be referred to herein as CR
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nodes. The CR nodes may be based on IEEE 802.11 technology, cellular
technology, IEEE 802.15.4 technology or any other wireless technology.

[0060] The illustrated DSM engine 210 1s coupled to the CGW 220
through an interface 270, which may be a wireless or wireline (e.g., Ethernet)
link. The illustrated CGW 220 1s coupled to an external network or the
Internet 240 through a wired link 280 (e.g., a digital subscriber line (DSL),
Docsis or Ethernet connection). In an embodiment (not shown), the DSM
engine 210 may be integrated with the CGW 220. In an embodiment, some of
the CR nodes may also communicate directly with each other. For example, in
the embodiment illustrated in FIG. 2, the CR nodes 230a and 230b may
communicate with each other over a direct link 260a and CR nodes 230c and
230d may communicate with each other over a directly link 260b.

[0061] The CR nodes 230a, 230b, 230c and 230d may communicate with
the DSM engine 210 over one or more channels 250a, 250b, 250c and 250d,
respectively, via the CGW 220. Each of 250a, 250b, 250c and 250d may
include a downlink control channel Ac, an uplink control channel Ad and a
synchronization channel As. The Ac, Ad and As channels may be decoupled or
may be part of the same control channel.

[0062] FIG. 3 1s a diagram of an example WTRU 300 that 1s configured
to operate as a CR node in a DSM network such as the DSM network 200
1llustrated in FIG. 2. The WTRU 300 may be any type of device configured to
operate and/or communicate in a wireless environment. By way of example,
the WTRU 300 may be configured to transmit and/or receive wireless signals
and may be user equipment (UE), a mobile station, a fixed or mobile
subscriber unit, a pager, a cellular telephone, a personal digital assistant
(PDA), a smartphone, a laptop, a netbook, a personal computer, a wireless
sensor, consumer electronics, and the like. The illustrated WTRU 300
includes an antenna 310, a transmitting unit 320, a receiving unit 330, a
processing unit 340, a radio frequency (RF) spectrum sensing unit 350, a
speaker/microphone 360, a keypad 370 and a display unit 380. While only
some elements of the WTRU 300 are illustrated, one of ordinary skill in the
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art will recognize that the WTRU 300 may include other features (e.g.,
associated input/output (I/0) ports and/or graphic user interfaces (GUIs) that
are not shown. Further, while specific elements of the example WTRU 300
are illustrated in FIG. 3, the illustrated elements may be modified using
ordinary skill in the art. For example, the receiving unit 330 and the
transmitting unit 320 may be implemented as a combined transceiver unit,
and the keypad 370 and the display unit 380 may be implemented as a touch
screen.

[0063] The DSM network 200 illustrated in FIG. 2 may be configured for
individual or cooperative spectrum sensing. In individual spectrum sensing,
one CR node may sense the spectrum and make a decision as to whether the
spectrum is currently occupied by one or more primary incumbents. Its single
decision regarding whether the spectrum is currently being occupied by the
one or more primary incumbents may be used to determine spectrum
allocations for the entire DSM network 200. In cooperative sensing, on the
other hand, more than one CR node 230a, 230b, 230c and/or 230d may sense a
given spectrum for use by another device, and the DSM engine 210 may
consider sensing results received from the more than one CR node 230a, 230D,
230c and/or230d to make a decision as to whether the given spectrum is
occupied by one or more primary incumbent at a point in time. Cooperative
sensing techniques are described herein that may be performed in two stages.
[0064] In a first stage, each CR node participating in a sensing task may
sense the spectrum and report sensing results, for example, during a regular
silent period that may occur periodically (e.g., at periodic intervals). The DSM
engine 210 may communicate timing information regarding the regular silent
period to the CR nodes on the As channel. Each CR node participating in the
sensing task may then perform sensing simultaneously using the same base
time and may report its individual sensing results to the DSM engine 210 over
the uplink control channel Ad. The DSM engine 210 may use the sensing
results received during the first stage to carry out several functions. For

example, the DSM engine 210 may use the sensing results to yield a coarse
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estimate of potential spectrum holes available in the system (indicating, for
example, bands that may be available for secondary use by CR nodes). For
another example, the DSM engine 210 may use the sensing results to
determine an amount of correlation between CR nodes in the network and
adjust the sensing task based on this correlation.

[0065] In a second stage, an advanced, asynchronous sensing period
may be triggered in which the DSM engine 210 may instruct all or some of the
CR nodes 230a, 230b, 230c and 230d to perform sensing for a specified period
of time. The triggering of this system-wide silence period for the purposes of
sensing may be used to accelerate the response of the CR network to the
possible arrival of a primary incumbent. The DSM engine 210 may trigger the
asynchronous sensing period itself, or the asynchronous sensing period may be
triggered by a CR node.

[0066] In an embodiment, any CR node may generate and send an event
to the DSM engine 210 to command a system-wide sensing period. An
example of the occurrence of such an event may be where change in an
environment sensed by a CR node may indicate the presence of a primary
incumbent (e.g., a sudden decrease in throughput on a link currently being
used by a CR node or a sudden change in channel quality on the specific link).
The CR node may notify the DSM engine 210 of the potential change in the
environment using the uplink control channel Ad. The DSM engine 210 may
then trigger a system-wide silence period (e.g., by broadcasting a control
message) 1n order to allow the CR nodes to perform immediate sensing to
1dentify vacant bands to be transitioned to to avoid interference with the
primary incumbent.

[0067] In an embodiment, sensing may take place by certain CR nodes
in the DSM network 200 without the need to quiet down the other CR nodes.
Here, sensing may be performed by CR nodes in a portion of the spectrum that
1s not used by any of the nodes under management of the DSM engine 210.
The DSM engine 210 may send this information to each of the CR nodes using

a configuration message (described in more detail below). The configuration
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message may also control other factors of sensing, such as a type of sensing

algorithm to be used, the parameters for the algorithm (e.g., sensing duration

and fast Fourier transform (FF'T) size) and a bandwidth to be sensed.

[0068]

A list of example events that may trigger an asynchronous

sensing period in a second stage 1s provided in Table 1.

Sensing Policy

management or other
such entity in the
Internet notifies the
DSM engine of a
change 1n its usable
spectrum rules.

Table 1
Sensing Event Trigger Result
Change in Physical (PHY) layer | CR node whose
Environment measurements measurements trigger the
configured by the event sends an event
DSM engine in one of | message to the DSM engine
the CR nodes triggers | with the event code and
an event indicating information about the
the possible presence | event. The DSM engine
of primary incumbent | sends a configuration
on the active band message to CR nodes
occupied by that indicating commencement
primary incumbent. of an asynchronous sensing
period. If the presence of a
primary incumbent is
detected, the DSM engine
sends new spectrum
allocations to CR nodes
that were previously using
the sensed spectrum.
Change in DSM An external spectral | The DSM engine changes

the sensing rules based on
these new policies. The
DSM engine then
appropriately reconfigures
each of the nodes currently
responsible for sensing by
sending a sensing
configuration message to
each node.

Arrival or
Departure of a

A new CR node enters
the network and is

The DSM engine re-
organizes the sensing task
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Node from the CR | discovered by the between the nodes involved

Network CGW, or a CR node in cooperative sensing. A
previously belonging | sensing message 1s sent to
to the network leaves | the nodes to configure the
the area managed by | new sensing rules for each
the CGW. node.

Coarse Sensing Coarse sensing The DSM engine sends a

Information results received by sensing configuration

Change the DSM engine message to the CR nodes to
indicate the presence | modify or start fine sensing
of new potential on the potential holes
holes, or the change and/or the usable bands in
in location of order update the list of
potential holes or usable bands.
usable spectrum.

Change in Coarse sensing The DSM engine will

Correlation results or change the spectrum being
geographical sensed by the nodes to
information indicates | maintain efficient sensing
that the correlation among all nodes under the
between certain CR DSM engine’s management
nodes has changed. area.

[0069] The DSM engine 210 may convey information about a duration of

the asynchronous sensing period to each CR node participating in the
asynchronous sensing task using the configuration message transmitted on
the Ac channel. During this period, each CR node may perform sensing and
send their sensing results to the DSM engine 210. Following fusion of the
results by the DSM engine 210, the DSM engine 210 may decide that the
required reliability has not been reached for it to make a reliable decision on a
specific band. In this case, the DSM engine 210 may extend the sensing
period or trigger a new sensing period during which sensing by each of the CR
nodes may be continued.

[0070] FIG. 4 1s a flow diagram 400 illustrating an example two stage
cooperative sensing method, which may be executed by the DSM engine 210 of
FIG. 2. In the example illustrated in FIG. 4, the DSM engine 210 may
determine whether a periodic sensing time has arrived (405). If the periodic

sensing time has arrived, the DSM engine 210 may send a sensing task
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request to each CR node participating in the sensing task based at least on
current correlation information (410). The sensing information may be
collected from each node participating in the sensing task (415).

[0071] The DSM engine 210 may determine whether it is time to update
a list of available spectrum bands (420). If it is time to update the list of
available spectrum bands, the DSM engine 210 may use the sensing
information collected 1n 415 to update the list (425). If it 1s not time to update
the list of available spectrum bands, or if the list of available spectrum bands
has been updated, the DSM engine 210 may determine whether it 1s time to
update a correlation list or correlation coefficients (430). If it 1s time to update
the correlation list or the correlation coefficients, the DSM engine 210 may use
the sensing information collected in 415 to update the correlation list or the
correlation coefficients (435).

[0072] If the DSM engine 210 determines that a periodic sensing time
has not arrived in 405, or if the correlation list or correlation coefficients have
been updated, the DSM engine 210 may determine whether an asynchronous
sensing period has been triggered (440). If not, the DSM engine 210 may
determine whether a periodic sensing time has arrived (405). If an
asynchronous sensing period has been triggered, the DSM engine 210 may
send a sensing task request to each node participating in the sensing task
based at least on correlation information (445). Sensing information may be
collected from each node participating in the sensing task (450). The DSM
engine 210 may update the list of available bands and determine whether a
primary incumbent 1s present on a given band (455). Then, the DSM engine
210 may determine whether a periodic sensing time has arrived (405).

[0073] The example illustrated in FIG. 4 focuses on the actions and
decisions made by the DSM engine 210. In each case, however, the flow
control may be modified based on the specific algorithm implemented by the
DSM engine 210. For instance, the DSM engine 210 may determine that the
list of correlated CR nodes does not need to be updated often. In that case, the

periodic sensing results may be used predominantly for the purpose of
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estimating spectral holes, and the DSM engine 210 may even choose to extend
the sensing period so that periodic sensing times occur less often.

[0074] FIG. 5 1s a signal diagram 500 illustrating example signaling for
cooperative sensing. A WTRU 510d may detect a change in performance of a
wireless link over which 1t 1s configured to communicate (55). On a condition
that a processing unit 340 of the WTRU 510d detects the change in
performance of the wireless link, the processing unit 340 of the WTRU 510d
may control its transceiver to transmit a notification 552 to an engine (e.g.,
the DSM engine 520) indicating that the change in the performance of the
wireless link was detected. The WTRU 510d may receive a sensing task
request 554 for the WTRU 510d to measure information indicative of the
usage of the spectrum by other devices (e.g., primary incumbents on the
spectrum) based on the notification transmitted to the engine indicating that
the change in the performance of the wireless link was detected.

[0075] The WTRU 510d may be one of a plurality of CR nodes in a
cooperative spectrum sensing network that may also include WTRUs 510a,
510b and 510c. In the example illustrated in FIG. 5, the WTRUs 510a, 510b
and 510c have been selected to participate in the sensing task triggered by the
WTRU 510d, and they also receive sensing task requests 556, 558 and 560,
respectively. In response to receiving the sensing task requests 554, 556, 558
and 560, each of the WTRUs 510a, 510b, 510c and 510d may sense the
spectrum (1.e., measure the information indicative of the usage of the
spectrum by other devices) and transmit their respective sensing results 562,
564, 566 and 568 to the engine 520. The engine 520 may fuse the individual
sensing results (e.g., using any fusion technique including those described
below) and determine whether the sensing results indicate the presence of
another device on the spectrum. On a condition that the DSM engine
determines that the sensing results indicate the presence of a primary
incumbent on the spectrum, WTRUs using that spectrum may receive new
spectrum allocations for communications on which no primary incumbent has

been detected. In the example illustrated in FIG. 5, each of the WTRUs 510a,
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510b, 510c and 510d receive messages 570, 572, 574 and 576 indicating their
new spectrum allocations.

[0076] The DSM engine 210 may control sensing by each of the CR
nodes 230a, 230b, 230c and 230d using a generic framework that may include
a sensing configuration message. The sensing configuration message may be
an upper-layer control message that may be used to configure DSM-enabled
functionality in each of the protocol layers at the respective CR node.

[0077] FIGs. 6A, 6B and 6C are flow diagrams 650a, 650b and 650c that
llustrate an example exchange of sensing configuration information to
configure a CR node based on cellular technology. In each of the figures, a
DSM engine 600 and a CR node 620 1s illustrated. The illustrated DSM
engine 600 for each figure includes a radio resource control (RRC) layer 602, a
media access control (MAC) layer 604 and a physical (PHY) layer 606.
Similarly, the illustrated CR node 620 for each figure includes an RRC layer
608, a MAC layer 610 and PHY layer 612. The message flow illustrated in
FIGs. 6A, 6B and 6C may easily be extended for Wi-Fi or machine to machine
(M2M) technologies by a person of ordinary skill in the art.

[0078] In the example flow diagram illustrated in FIG. 6A, an RRC
message 614 that includes the sensing configuration is sent over the Ac
interface from the DSM engine 600 to the CR node to be configured 620. The
DSM engine 600 may send an RRC message 614 to each individual CR node
(e.g., CR node 620) in a number of different scenarios. For example, the DSM
engine 600 may send an RRC sensing configuration message 614 to a CR node
620 following registration of the CR node 620 to the network to provide it with
an 1nitial configuration to configure the periodic coarse sensing in a first stage.
For another example, the DSM engine 600 may send an RRC message 614 to a
CR node 620 as a result of an event that triggers an asynchronous sensing
period for that node.

[0079] A sensing configuration message 614 may alter an existing
sensing configuration within a CR node 620, or it may add a new sensing

configuration within the CR node 620. Each sensing configuration for a CR
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node 620 may represent a periodic sensing/measurement action to be taken by
the CR node 620 or an immediate sensing action in the case of an
asynchronous measurement period configured by the DSM engine 600. Based
on the wvalues sent in the configuration message, an active sensing
configuration may also be disabled or canceled by the DSM engine 600 using
the same message.

[0080] Table 2 1llustrates the contents or fields that may be included in
a sensing configuration message 614. The sensing configuration message 614
may be made to configure both coarse (e.g., first stage) and fine (e.g., second
stage) sensing based on the sensing type. The type of algorithm, sensing
parameters, and expected return values from each of the CR nodes 620 may
also be configured by the sensing configuration message 614. Each CR node
may maintain a list of active configurations in order to know when and how to

perform the sensing that is requested by the DSM engine 600.
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Table 2

Message Field

Use

Configuration ID Contains a unique identifier that identifies
this sensing configuration. All sensing results
or future configuration messages sent to the
CR node will be 1dentified using this ID.

Sensing Type The sensing type (coarse, fine, or active

channel monitoring-based) applied to this
sensing configuration.

Channels to Sense

A list of channels or a particular bandwidth to
be sensed using this sensing configuration.

Periodicity

The period of frequency with which the node
1s to perform the sensing associated with this
configuration. A period of O can be used to
indicate an asynchronous sensing action that
1s deactivated as soon as it 1s performed.

Sensing Algorithm

The sensing algorithm to use among a list of
algorithms known to the DSM engine.

Sensing Algorithm
Parameters

Specific values of the parameters associated
with each algorithm that controls the sensing
duration and complexity (e.g. fast Fourier
transform (FFT) size, number of sample, etc.).
The length of this field depends on the value
of the sensing algorithm field.

Active Channel
Monitoring Method

When a node 1s asked to perform L1
measurement-based sensing to detect a
possible arrival of a primary incumbent, the
configuration message configures a channel-
monitoring based sensing type.

Active Channel
Monitoring Parameters

Parameters for configuring the channel
monitoring methods.

[0081] In response to receiving a sensing configuration message 614

from the DSM engine 600, the RRC layer 608 of the receiving CR node 620

may interpret the message and configure the CR node 620 in each layer of the

stack based on the information carried in the message 614. This may include

PHY layer 612 parameters related to sensing as well as RRC-level 608 timers

for sensing periods and measurement reporting by lower layers. As illustrated

in FIG. 6B, the CR node 620 may send an RRC message 616 back to the DSM

engine 600 confirming the configuration of the CR node 620 based on the

information included in the sensing configuration message 614.
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[0082] At least because each sensing configuration message 614 1is
assigned a sensing configuration ID, the sensing results sent by a CR node 620
may be identified by the DSM engine 600 according to this ID. As illustrated
in FIG. 6C, the CR node 620 may send an RRC message 618 to the DSM
engine 600 over the Ad channel that includes the configuration ID and the
sensing results.

[0083] The DSM engine 210 may perform fusion on either the sensing
information sent periodically by CR nodes or by the sensing information that
1s sent by the CR nodes following an asynchronous system-wide sensing period
to generate a final decision regarding the presence of a primary incumbent on
a specific band. The DSM engine 210 may use any one of a number of
different fusion techniques, which may include fusion using 1/Q data from CR
nodes and reliability decision fusion.

[0084] For fusion using I/Q data from CR nodes, a selected number of
CR nodes may send a set of 1/Q samples (or some transformed version of the
I/Q samples) directly to the DSM engine 210. The DSM engine 210 may
process the I/Q samples jointly to determine the presence or absence of a
primary incumbent on that band. Because the DSM engine 210 has access to
knowledge of the correlation relationship between CR nodes in its network, it
may form a joint detection problem where the inputs may be considered as
uncorrelated random variables. This technique may be employed using
periodic sensing results received by the DSM engine 210 over a long period of
time, in which a portion of the total amount of 1/Q samples to be used in the
detection may be sent during each periodic sensing occasion. It may also be
used for asynchronous sensing periods.

[0085] For fusion using I/Q data from CR nodes, each CR node that has
been chosen to participate in the joint sensing computation at a particular
time instant (e.g., based on the correlation between the nodes determined by
the DSM engine 210) may send a vector of N complex (I/Q) samples to the
DSM engine 210. Depending on the type of spectrum sensing/estimation that
the DSM engine 210 uses, the I/Q samples may be combined in different ways.
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[0086] FIG. 7 1s a diagram illustrating an example technique for fusion
using 1/Q data from CR nodes using periodogram spectrum estimation. In the
1llustrated example, CR nodes 710, 730 and 750 have been chosen to
participate in the joint sensing computation. Each of the CR nodes 710, 730
and 750 determines the square 714 of the fast Fourier transform (FFT) 712 of
its respective 1/Q data sequences and provides a respective non-averaged
periodogram 716, 736 and 756 on the uplink control channel Ad. The DSM
engine 760 may average the magnitude squared of the FFT of each of the I/Q
data sequences received from the CR nodes to provide a joint (or cooperative)
estimate 770 of the power spectral density (e.g., an averaged periodogram).
Decision logic 780 at the DSM engine 760 may then determine available bands
and the presence of a primary incumbent on a particular band based on the
averaged periodogram 770. In traditional periodogram spectrum estimation,
the averaging that is required to decrease the variance of the estimate may be
achieved by dividing the signal into possibly overlapping portions. This may
reduce the overall frequency resolution of the spectrum estimate. By
averaging over the data samples received over several nodes (and keeping the
sequence length the same in each node), an increase in variance may be
achieved without sacrificing the frequency resolution for a given sensing time.

[0087] Reliability decision fusion may be performed, for example, to fuse
results provided during asynchronous system-wide silent periods. During
asynchronous system-wide silent periods, each CR node may return a decision
indicating, for example, a presence or absence of a primary incumbent on a
specific band. The reported decision may be combined with additional
information, which the DSM engine 210 may use to create a reliability of the
overall decision, assuming that the individual decisions come from
uncorrelated observations. Possible additional information that may be used
to create an overall reliability may include an estimated signal-to-noise ratio
(SNR), a number of samples used in metric computation, or any quantity that
1s specific to the method used for generating the decision of the presence or

absence of a primary incumbent that expresses some sense of the reliability of
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the decision. The decision (e.g., user present or no user present), as well as
additional information for reliability evaluation, may be sent by the CR node
to the DSM engine 210 over the uplink control channel.

[0088] The DSM engine 210 may combine the decisions generated by
each CR nodes in a weighted fashion, and a large weight may be attributed to
nodes that report data that contain a higher reliability. This assumes that the
DSM engine 210 has knowledge of the sensing algorithm used by each CR
node 1n order to derive a reliability of the decision from that node based on the
transmitted information (e.g., SNR, distance from the threshold, etc). The
decisions may be combined using a generic K/N decision rule that may be
optimized to achieve the best probability of detection and probability of false
alarm for the specific scenario. In other words, a band may be determined to
contain a primary incumbent if the sum of CR nodes indicating the presence of
a primary incumbent and factored by a specific weight exceeds a certain target
value. In addition, the DSM engine 210 may be able to determine an overall
reliability metric of the fused decision it creates. When reliability decision
fusion 1s used in the case of asynchronous sensing periods, the DSM engine
210 may choose (for example, based on the overall reliability of the decision) to
extend the system-wide sensing period in order to increase reliability or
perform spectrum allocation or re-allocation based on the fused decision.

[0089] In an example of a reliability decision fusion technique, it may be
assumed that a CR node will decide on the presence or absence of a primary

incumbent by comparing a computed metric with a defined threshold,. In
particular, the metric used by each CR node may include the estimated ratio
of maximum and minimum eigenvalues. Te decision taken by a CR node as to
the presence or absence of a primary incumbent may be given by:
/imax {> vi— H,
A (Sv,—>H,

Equation (1)

[0090] To obtain the maximum and minimum eigenvalues without the

need for matrix inversion computations at each of the CR nodes, the
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autocorrelation matrix of the received samples at each CR node may be
approximated as a circulant matrix so that the eigenvalues of the matrix may
be obtained by taking the FFT of any row of the matrix. The autocorrelation
function of a stationary process may also be approximated (especially for

values of the period M) as a periodic function:

ry (k) = i Fk +IM ) > Equatlon (2)

I=—w

where r(k) 1s the autocorrelation function of the received signal. The CR node
may generate an estimate of the periodic autocorrelation function limited to a
sum of L periods and use 1t to populate the first row of the estimated circulant

autocorrelation matrix using:

fo= S ks ) ‘
;) Equation (3)

[0091] The maximum and minimum eigenvalues used in the decision of
equation (1) may be obtained as the maximum and minimum values of the

FFT of the row of the circulant autocorrelation matrix obtained using equation

~

(3). The CR node may then send the decision and the distance d = ‘7—ﬂmax/ A

to the DSM engine 210 for fusion.

[0092] When the decision and distance for each node is received by the
DSM engine 210, the DSM engine 210 may form the decision equation
obtained by a weighted sum of decisions from all N nodes involved in the

cooperative sensing:

D= ﬁ:a.d.H. Equation (4)

where H; takes a value of 1 for a decision that the primary incumbent is
present and a value of -1 for a decision where the primary incumbent is not
present, d; represents the distance metric reported by the ith node, and

grepresents a weight related to the use of memory from past decisions. The

value of D may be compared to a specific set of thresholds in order for the
DSM engine 210 to decide its next course of action. For instance, if the

thresholds are (in increasing size), defined by —t; < t2, then the DSM engine
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210 may decide to proceed as follows. If D <-ti, a primary incumbent may not
be present on the band and the band may be declared to be free to use. If —t; <
to, the DSM engine 210 extends the asynchronous sensing period. If D > tg, a
primary incumbent may be declared to be present on the band, and the band
may be declared to be not usable (e.g., any CR nodes currently transmitting on
that band may be asked to vacate to an unused band).

[0093] The DSM engine 210 may dynamically change the values of ti
and te, which may not necessarily be equal, in order to ensure a decision that
1s, for example, biased to a high probability of false alarm. When the DSM
engine 210 decides it needs to extend the asynchronous sensing period in
order to achieve decisions having higher reliability from each of the CR nodes,
it may behave in any number of ways depending on the configuration of the
asynchronous sensing period sent on the control channel. For example, the
CR nodes may be permitted to continue transmission on the band they are
currently operating on until the DSM engine 210 makes the above decision. A
new asynchronous silent period may then be triggered by the DSM engine
210, instructing the CR nodes to merge their processing with the previous
period 1in order to obtain more reliable results. For another example, the CR
nodes may stay silent while waiting for the decision from the DSM engine 210
as to whether the silent period needs to be extended. In this example, the CR
nodes may continue sensing on the band of interest in the event that the silent
period is extended by the DSM engine 210.

[0094] In this embodiment, the DSM engine 210 may also use memory
from past decisions in its overall reliability computation and fusion scheme.
An incorrect decision regarding the presence of a primary incumbent may
eventually translate into a large number of errors or low throughput on the
CR link where the primary incumbent resides. The DSM engine 210 may
monitor the decisions obtained by each of the CR nodes in the case of an
incorrect overall decision and may flag CR nodes that generated an incorrect
decision (or contributed largely to the incorrect decision) so as to artificially

decrease the reliability of these nodes for future decisions. A forgetting factor
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may be employed to gradually reduce the artificial decrease in reliability from
these CR nodes so as to account for mobility over the long-term. This
technique may allow the exclusion of CR nodes that may be exposed to a large
amount of shadowing by making use of the knowledge of the incorrectness of a
decision by the DSM engine 210 that may occur occasionally.

[0095] In order for fusion of sensing information to result in a better
estimate of the presence of a primary incumbent on a given spectrum and,
thus, to decrease the required sensing sensitivity of the individual CR nodes,
the DSM engine 210 may ensure that the sensing information received from
each CR node 1s uncorrelated (i.e., to or more nodes providing sensing
information or sensing decisions are not both located simultaneously in a fade
with respect to the primary incumbent). As long as each additional CR node
that contributes to a cooperative sensing framework 1s uncorrelated with the
other CR nodes, adding the decision or information from the additional CR
nodes may increase the performance of a fused decision made by the DSM
engine 210. Therefore, the fusion of the sensing information by the DSM
engine 210 may assume a minimum amount of correlation between the CR
nodes that participated in the sensing task. In order to achieve this, the DSM
engine 210 may perform an initial phase of determining the CR nodes that are
uncorrelated in the network using sensing information received during
periodic sensing periods.

[0096] Periodically, each CR node may send sensing information to the
DSM engine 210. The DSM engine 210 may use this sensing information to
determine which of the nodes in the network are uncorrelated so that future
information from uncorrelated nodes may be used for fusion. In addition,
when two or more nodes are determined to be correlated, future sensing tasks
performed by these nodes may be divided so as to achieve faster sensing for a
particular set of bands or battery savings for the correlated nodes that may
share the sensing load for a set of bands. The DSM engine 210 may do this by
maintaining a list of correlated and uncorrelated CR nodes or by assigning a

correlation coefficient to each pair of CR nodes. This list or set of correlation
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coefficients may then be used by the DSM engine 210 to determine, for
example, which CR nodes’ sensing results may be combined/fused to obtain a
single decision about the presence or absence of a primary incumbent on a
particular band and which CR nodes may instead cooperate in order to split
the sensing task over multiple bands and assigning each CR node a subset of
the bands. Any number of methods may be used to determine the amount of
correlation between CR nodes including, for example, basic RSSI scanning
using AGC gain, use of filter banks, echoing, location information and
signaling of triplets.

[0097] For basic RSSI scanning using AGC gain, each CR node may
send a set of received signal strength indicator (RSSI) values for a wide range
of frequencies that it senses to the DSM engine 210. The RSSI at each
frequency may be obtained as the inverse of the settled AGC gain for the radio
of that CR node at the frequency of interest. The DSM engine 210 may then
perform a correlation of the sequences of RSSI values obtained from each CR
node to come up with a list of uncorrelated nodes to use for fusion. CR nodes
whose observed RSSI sequences are highly correlated may be expected to yield
sensing results that are highly correlated as well.

[0098] FIG. 8 1s a diagram of a filter 800 that may be used in an
example of a basic RSSI scanning using AGC gain technique. In the example
of the basic RSSI scanning using AGC gain technique, each CR node may send
a power spectral estimate using a filter bank technique of power spectrum
estimation to the DSM engine 210. In the filter bank technique of spectral
estimation, the received signal x(n) may be filtered by a filter. The output of
each filter may represent the signal component of the received signal in a
particular sub-band, and the estimated power spectral density may be
obtained by an estimate of the signal power measured at each of the outputs of
the filter bank PSD(0), PDS(f1) and PSD(Fn.1).

[0099] The CR nodes may periodically send the set of output powers as a
sequence to the DSM engine 210, and the DSM engine 210 may compute the

correlation between these two sequences to determine the amount of
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correlation between CR nodes. In addition, because these outputs represent
estimates of the power spectral density, they may also be used as a coarse
(initial) estimate of the observation spectrum needed to find potential spectral
holes or bands for use by the CR nodes.

[0100] For an echoing method, the DSM engine 210 may use a silent
period to generate a special beacon that may be broadcast to each node in the
network. Each node may listen for the beacon for a prescribed period of time
and then retransmit the received beacon to the DSM engine 210 using the
uplink control channel Ad. The DSM engine 210 may use the signals received
from each CR node to determine an amount of correlation between each of the
CR nodes that echoed the received beacon. In particular, correlated CR nodes
may echo the beacon back with a similar fade 1n a particular frequency or both
with a large amount of attenuation (e.g., indicating both CR nodes may be
exposed to the same shadowing).

[0101] For a location information method, geographical location
information may indicate an amount of correlation between CR nodes
performing sensing. In the case of a CR network where nodes are equipped
with a global positioning system (GPS) or other location indication means, the
DSM engine 210 may use the location information to generate a list of
correlated and uncorrelated CR nodes. In general, uncorrelated CR nodes
may be geographically furthest from each other while correlated CR nodes
may be close to each other.

[0102] For a signaling of triplets method, a probability of detection of
signal (Pg) may have a one-to-one mapping to an SNR observed at each CR
node. Therefore, signaling the Pq to the DSM engine 210 for each band may
help the DSM engine 210 identify not only the SNR at each node but also a
coarse map of the correlation of observed signals between CR nodes. Each CR
node in the network may send sensing information triplets {f., B, P4} for each
band representing the band center frequency, bandwidth and probability of
detection, respectively. For each band, the DSM engine 210 may map the

maximum value of all Pq signals (sent from all nodes) to one of three levels: (0
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to x%), (x% to y%) and (y% to 100%). If the maximum P4 lies in the (0 to x%)
level, the band may be assumed to be empty for use within the network. If the
maximum Py lies in the (x% to y%), it may be assumed to be usable within the
network but with some transmit power restriction based on the f. under
consideration and the known signal propagation characteristics. If the
maximum of Pq lies in the (y% to 100%), the band may be occupied and
restricted from use within the network. The x% threshold may be chosen as
the maximum false alarm probability limit. The y% threshold may be chosen
differently for each band. The y% threshold may be chosen higher (closer to
100%) if the band under consideration is at lower frequencies while the y%
threshold may be chosen lower (away from 100%) at higher frequency bands.
[0103] At the end of the correlation determination stage, the DSM
engine 210 may have a list of CR nodes that are either uncorrelated or weakly
correlated with each other and a list of CR nodes that have strong correlation
with one or more of the CR nodes in the uncorrelated list. The DSM engine
210 may perform fusion of sensing results from the information received
during the first stage of sensing as well as the sensing information from the
second stage of sensing performed during the system-wide silence period using
the set of uncorrelated CR nodes.

[0104] In addition, the presence of correlated CR nodes may allow the
DSM engine 210 to split the work of sensing in the system-wide silence period
between CR nodes in order to shorten the sensing period, if possible, or to save
battery power for certain CR nodes. This may be achieved by splitting the
sensing task to be performed by each CR node in the cooperative sensing
framework between the CR nodes that fall into a correlation group (e.g., a
group of CR nodes shown to be highly correlated with one another). The
sensing band may be divided evenly and sensed separately by each CR node in
the correlation group. In addition, in a case where the DSM engine 210 uses
soft information for fusion, the CR nodes in the correlation group may all
contribute equally in order to generate the required soft information. The

correlation determination stage may be repeated occasionally by the DSM
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engine 210 to account for changes in the correlation between CR nodes caused
by movement of the CR nodes or obstacles within the network.

[0105] The DSM engine 210 may use techniques to further decrease
the amount of correlation between nodes that it initially found to be
correlated. These techniques may be used to increase the number of CR nodes
that may contribute to the cooperative sensing result.

[0106] In the case of the periodic silent period, CR nodes may be asked
to perform their sensing in alternating silent periods and perform no work in
the other silent period. This may extend the overall time required to obtain
information from these two nodes (for both sensing and future correlation
statistics). However, it may increase the probability that the two CR nodes
become decorrelated. If decorrelation may be achieved through a time skew,
the same time skew may then be applied in the context of the asynchronous
silent periods when those two CR nodes are involved.

[0107] FIG. 9 1s a diagram 900 illustrating a possible implementation of
a time skew between CR nodes in the case of a periodic sensing stage. In the
1llustrated example, CR nodes 1 and 2 have been found to be highly correlated
and CR nodes 3 and 4 have been found to be highly correlated. The DSM
periodic sensing schedule 1s illustrated at 901 and includes sensing periods
902a, 902b and 902c. Each sensing period includes a respective sensing time
904a, 904b and 904c and a respective regular transmit/receive time 906a, 906b
and 906¢. As illustrated by schedules 950 and 970, the sensing times of nodes
1 and 2 and those of nodes 3 and 4 are separated in time, as the DSM engine
210 attempts to decrease the correlation between the CR nodes, thus
decreasing the correlation that the sensing results will give. Time periods
where CR nodes are idle may be used to conserve battery power for those CR
nodes. In the illustrated example, the CR nodes 1 and 3 may sense the
spectrum during sensing times 904a and 904c and may be idle during sensing
time 904b. The CR nodes 2 and 4 may be idle during the sensing times 904a

and 904c and may sense the spectrum during sensing time 904b.
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[0108] Where a CR node 1s equipped with a multi-antenna sensing
equipment, the DSM engine 210 may change the antenna beamforming angle
through the use of a control message for one of two correlated CR nodes on the
downlink control channel in order to decrease the correlation between the CR
nodes. This may force correlated CR nodes to focus on a different geographical
area in 1ts vicinity and thus decrease the chance that both CR nodes
experience shadowing from the same primary incumbent at the same time.
Another way of viewing the change in beamforming angle between CR nodes
may be to consider this as increasing a special diversity of sensing results sent
by two different CR nodes.

[0109] Coarse sensing results that are used to determine a correlation
between CR nodes may also be used to form a list of potential available
spectrum for transmission, which may be referred to as a set of spectral holes.
The DSM engine 210 may use a combination of coarse sensing, which may be
performed using one of the methods described above for determining the
periodogram (PSD) or using a more traditional method such as FFT-based
spectral estimation, as well as a fine sensing method in order to determine
and maintain a list of available bands to be used on-demand by a CR node.
[0110] Coarse sensing, performed periodically, may be used to obtain a
list of potential spectral holes by identifying the valleys of the PSD. A list of
these holes, each identified by the minimum and maximum frequency of the
hole, may be maintained by the DSM engine 210 after processing the coarse
sensed information from each of the CR nodes involved in coarse sensing of
the entire CR network bandwidth. The list of potential spectral holes may be
updated each time the DSM engine 210 recelves new coarse sensing
information.

[0111] In order to determine the usable bandwidth for the CR network,
each spectral hole in the list of potential holes may be tested using a fine
sensing algorithm performed on the specified bandwidth by one or more of the
CR nodes. The fusion methods described above may be used to fuse

information if multiple nodes are instructed to perform fine sensing on the
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same spectral hole by the DSM engine 210. The end result of the fine sensing
and fused information may include determining whether a given potential
spectral hole is usable by a CR node. The DSM engine 210 may then add this
hole to the list of available spectrum for use by any CR node.

[0112] Depending on size and bandwidth demands of the CR network
and current spectrum availability, the DSM engine 210 may maintain a list of
usable spectral bands that may be assigned to a CR node at any request for
bandwidth. Each usable spectral band may have a lifetime associated with it
from the perspective of the DSM engine 210. When the lifetime of a usable
spectral band expires, the DSM engine 210 may trigger an asynchronous
sensing period to perform fine sensing on that band and determine whether
the band 1s still usable. As new coarse sensing information is received by the
DSM engine 210, this may also trigger fine sensing on usable spectral bands if
the PSD information indicates these usable spectral bands may now be
occupied. Reliable spectral bands may be fixed size or variable size, depending
on factors such as the implementation of the sensing algorithms in each CR
node and the bandwidth allocation method to be used by the DSM engine 210
and the CR nodes.

[0113] FIG. 10 1s a block diagram of an example architecture 1000 for
executing spectrum sensing within a single specific sensing node in a DSM
network (e.g., the DSM network 200 of FIG. 2). The architecture 1000
llustrated in FIG. 10 includes three logical entities: a DSM-Radio Frequency
Sensing Board (DSM-RFSB) 1030, a DSM-Spectrum Sensing Function (DSM-
SSF) 1020 and a DSM-Channel Management Function (DSM-CMF) 1010. A
physical location of these entities within a DSM network may depend on a
particular design and implementation. By way of example, for the DSM
network 200 illustrated in FIG. 2, the DSM-RFSB 1030 may be included in a
CR (e.g., included in WTRUs 230a, 230b, 230c¢c and 230d of FIG. 2) and the
DSM-SSF 1020 and the DSM-CMF 1010 may be included in the DSM engine
220. However, the functionalities illustrated in FIG. 10 may be split amongst
(or located in a single) WTRU, DSM engine, AP, or any other device, and the
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examples described with respect to FIGs. 10-26 may apply regardless of the
physical location of each of these functional entities.

[0114] The illustrated DSM-RFSB 1030 is a logical entity that may
perform basic spectrum sensing of a particular bandwidth. The spectrum
sensing may include, for example, collecting samples on a specific frequency
band and applying one or more spectrum sensing algorithms to provide a
sensing metric for a frequency band of interest. The specific frequency band,
sensing algorithms and other timing and control information may be provided
by the DSM-SSF 1020 to the DSM-RFSB 1030 1in a sensing frequency message
such as the sensing configuration message 614 illustrated in FIG. 6A.

[0115] The DSM-RFSB 1030 may include physical hardware equipped
with a sensing radio 1032, which may operate to detect device transmissions
and interference in frequency bands where the spectrum sensing 1s to be
performed, down-conversion hardware, which may generate baseband
samples, and a sensing algorithm, which may process the generated baseband
samples to derive a metric for the band of interest. The DSM-RFSB 1030 may
provide the derived metric for the band of interest to the DSM-SSF 1020.
Processing that the DSM-RFSB 1030 may use to derive the metric may be
such that information exchanged between the DSM-RFSB 1030 and the DSM-
SSF 1020 may be compact and minimal.

[0116] The DSM-SSF 1020 is a logical entity that may control the DSM-
RFSB 1030 and the sensing algorithm that is part of the DSM-RFSB 1030.
The DSM-SSF 1020 may configure the bandwidth to be sensed by the DSM-
RFSB 1030 and may receive the corresponding channel metric indications for
each of these bands. To maintain a modular architecture, for example, the
DSM-RFSB1030 may be equipped with generic sensing capabilities, and the
DSM-SSF 1020 may refine or customize the generic sensing capabilities of the
DSM-RFSB 1030 for a particular application (e.g., by transmitting a sensing
configuration message 614 to the DSM-RFSB 1030). For example, if a
particular DSM application requires sensing over a set of 6 MHz channels in

the television white space (TVWS), a DSM-RFSB 1030 having a radio capable
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of operating in the very high frequency (VHF) and ultra high frequency (UHF)
bands, may be chosen, and the DSM-SSF 1020 may control the DSM-RFSB
1030 to capture spectrum sensing results that reflect these 6 MHz channels.
The DSM-SSF 1020 may make a decision as to usability or occupancy of a
spectrum and may convey that decision (including, for example, channel
occupancy information, quality information and RAT data measurements) to
the DSM-CMF 1010.

[0117] The DSM-CMF 1010 may oversee management of the bandwidth
for a particular technology employing DSM. For example, the DSM-CMF 1010
may include (or obtain from an external entity or database) a list of available
channels that the network may use and the bandwidths associated with each
channel on the list. The DSM-CMF 1010 may communicate the channel
bandwidths and other parameters to the DSM-SSF 1020, which may decide
which bands are unoccupied and may provide a quality associated with each
band. The DSM-CMF 1010 may decide on a bandwidth to be used by the
system based on the occupancy and quality information obtained from the
DSM-SSF 1020, policy rules associated with the bandwidth (e.g., FCC
regulatory rules) and a recent occupancy history for each band being
considered for use. The DSM-CMF 1010 may then provide channel allocation
decisions to WTRUs 1n the network. The DSM-CMF 1010 may also exchange
coordination data with other cooperating DSM-CMF's 1015.

[0118] FIG. 11 1s a block diagram of a TVWS implementation 1100 of
the architecture 1000 illustrated in FIG. 10 for executing spectrum sensing in
a DSM network. The example architecture includes a WiF1 or mesh station
(STA) 1190 that may require allocation of bandwidth for communication over
TVWS bands with an access point (AP) 1140, a sensing board 1110 and a CGW
1130. The illustrated AP 1140 and STA 1190 are configured to communicate
over an RF interface 1170 and make use of TVWS down-converter boards
1160 and 1180, which are in communication with the sensing board 1110 via

an SPI bus 1194.
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[0119] In the illustrated example architecture 1100, a channel selection
and channel switch decision may be made, in certain conditions, directly at
the sensing board 1110. In this example, the task of the DSM-SSF 1020 of
FIG. 10 1s split in a logical manner between a switch entity (TVWS SSF-S
1112) that resides on the sensing board 1110 and a switch entity (TVWS-SSF-
P 1132) that resides in the CGW 1130. The TVWS-CMF 1134 of the CGW
1130 may perform the basic functionality of the DSM-CMF 1010 of FIG. 10
but targeted toward the TVWS. The illustrated CGW 1130 also includes a
database 1136 from which policy rules and other required data may be
retrieved and stored. The functionality of the DSM-RSB 1030 1s included on
the sensing board 1110 in the example architecture. The illustrated sensing
board 1110 also includes an RF module 1114, which may correspond, for
example, to the sensing radio 1032 illustrated in FIG. 10. The RF module
1114 may measure, for example, interference and spectrum usage from other
devices, such as interference sources 1150.

[0120] FIGs. 12-17 are signal diagrams illustrating example message
flows between a down-converter 1200 (which may include, for example, TVWS
down-converter boards 1160 and 1180), the sensing board 1110 and the CGW
1130 1illustrated in FIG. 11. Signaling messages 1202 and 1204 may be
exchanged between the down-converter 1200 and the sensing board 1110 and
between the sensing board 1110 and the TVWS-SSF-P 1132, respectively.
Messages 1206 may be exchanged between the TVWS-SSF-P 1132 and the
TVWS-CMF 1134.

[0121] FIG. 12 illustrates example call flows 1200 for a first step of
system initialization. Following boot-up of the sensing board 1110 and/or
CGW 1130 (1208), the sensing board 1110 may establish an IP link with the
CGW 1130 by attaching to the CGW 1130 and advertising its services as a
sensing-only device in IP link initialization messages (represented by 1210
and 1212). Once the sensing board 1110 1s attached to the CGW 1130, the
CGW 1130 may read the database 1136 for available channels (1214) and

configure the sensing board 1110 with channels that are available for use by
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the AP 1140 using a setup channel ID and frequency information message
(represented by 1216 and 1218). This message may attach a channel ID to
each channel and associate the RF parameters (e.g., center frequency and
sensing bandwidth) to be used when sensing this channel. The sensing board
1110 may store the channel ID and center frequency information (1220) and
send a channel setup confirm message to the CGW 1130 (represented by 1224
and 1226).

[0122] FIG. 13 illustrates example call flows 1300 for a second step of
system 1nitialization. Following configuration of the basic channels to sense in
the first step of the initialization process illustrated in FIG. 2, the CGW 1130
may proceed to configure threshold averaging lengths to be used in each
channel by the sensing board 1110 (1306). These parameters may control
sensing trigger decisions made by the TVWS-SSF-S 1112 (i.e. when the
TVWS-SSF-S 1112 may notify the TVWS-SSF-P 1132 of the presence of an
interferer and when the TVWS-SSF-S 1112 may trigger a channel switch
independently). The TVWS-CMF 1134 may provide specific information to the
TVWS-SSF-P 1132 related to types and sensitivities of incumbents expected
on each of the channels, which may allow the TVWS-SSF-P 1132 to determine
the presence of an incumbent and store incumbent detection decision
information (1308). The TVWS-SSF-P 1132 may also forward trigger
threshold to the TVWS-SSF-S 1112 (1308) and send a setup channel sensing
configuration message to the sensing board 1110 including averaging lengths
and low and high thresholds (1310). The sensing board 1110 may then
configure a sensing schedule and thresholds (1312). Once the setup 1s
complete, the sensing board 1110 may send a setup sensing configuration
confirm message to the CGW 1130 (represented by 1314 and 1316).

[0123] FIG. 14 illustrates example call flows 1400 for initial channel
selection. The TVWS-CMF 1134 may send a channel quality request message
to the TVWS-SSF-P 1132 (1404), and the TVWS-SSF-P 1132 may in turn send
a sensing measurement request to the sensing board 1110 (1402). In

response, the sensing board 1110 may perform sensing on all channels (1406)
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and send a sensing measurement response message including, for example,
measured PSDs to the TVWS-SSF-P 1132 (1408). The TVWS-SSF-P 1132 may
translate the PSD received in the sensing measurement response message to
channel quality (1410) and transmit a channel quality response message to
the TVWS-CMF 1134 (1412). The TVWS-CMF 1134 may then determine an
mitial active channel and best alternate channel based on, for example,
information received in the channel quality response message (1414).

[0124] The TVWS-CMF 1134 may send an active channel setup request
message including information about the determined active channel and best
alternate channel to the TVWS-SSF-P 1132 (1416). The TVWS-SSF-P 1132
may store the current best alternate channel information (1418) and send an
active channel setup request including the determined active channel and best
alternative channel to the sensing board 1110 (1420). The sensing board 1110
may store the current best alternate channel information (1422), send a
frequency change command to the down-converter 1200 to change a channel
for communication between the AP 1140 and the STA 1190 (1424), and send
an active channel setup confirmation message to the CGW 1130 (1426). In
response to receiving the frequency change command message, the down-
converter 1200 may change the operating frequency for communication
between the AP 1140 and the STA 1190 (1434).

[0125] The sensing board 1110 may start continuous high-priority
sensing on the active channel (1430) and start low-priority sensing on the
other channels when it 1s not busy with the active channel (1432). The
sensing board 1110 may then send alternate channels measurement results to
the TVWS-SSF-P 1132, which may include an averaged PSD for the low
priority channels (represented by 1436 and 1438).

[0126] For the example illustrated in FIG. 14, it may be assumed that
communication between the AP 1140 and the STA 1190 does not occur prior to
the configuration of the sensing board 1110. As a result, selection of the
itial active and alternate channels may occur during the initialization. In

another embodiment where a sensing board 1110 may be optional and a video
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link may be established prior to boot up of the sensing board 1110, the TVWS-
CMF 1134 may not send a channel quality request message (1404). Instead, it
may send an active channel setup request message (1416) to configure the
active and alternate channel to be used by the TVWS-SSF-S 1112 during
sensing and switch decisions.

[0127] FIG. 15 1illustrates example call flows 1500 for normal call
operation. During normal operation, the TVWS-SSF-S 1112 may coordinate
sensing on the active and alternate channels according to a silent period
provided by the AP 1140 and STA 1190 to perform the active channel sensing.
This may include periodic sensing on alternate channels. The TVWS-SSF-S
1112 may continuously monitor the active channel sensing results by
comparing them with the configured trigger threshold (1512 and 1542). In
addition, the TVWS-SSF-S 1112 may perform low-priority sensing on the
alternative channels (1504 and 1522) and send alternate channel sensing
results to the TVWS-SSF-P 1132 via alternate channel measurement results
messages (1506 and 1524). The TVWS-SSF-P 1132 may perform processing
on these measurement results (1508 and 1526) and send information about
alternate channel qualities to the TVWS-CMF 1134 (1510 and 1528), which
may compare the qualities of the different alternate channels to determine a
new best alternate channel (1514 and 1530). The new best alternate channel
may be used in case of a channel switch due to interference or an incumbent
on the active channel. The TVWS-CMF 1134 may also use other rules
specified by the FCC for use of the TVWS to make its decision on the alternate
channel (e.g. a recently used TVWS channel must be free for a certain period
of time before it 1s used for transmission). At least because the TVWS-SSF-S
1112 requires knowledge of the alternate channel, the TVWS-CMF 1134 may
send its decision to the TVWS-SSF-P 1132 (1516 and 1532), which may
forward 1t (1536) to the TVWS-SSF-S 1112 if the new alternate channel 1s
different than the previous alternate channel (1534). If the new best alternate
channel 1s the same as the previous alternate channel, the information may

not be forwarded (1518). If new alternate channel information is sent to the
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TVWS-SSF-S 1112, the TVWS-SSF-S 1112 may change the current alternate
channel (1540) and send an alternate channel change confirmation message to
the TVWS-SSF-P 1132 (1538).

[0128] FIG. 16 illustrates example call flows 1600 for originated channel
switching. During a TVWS-SSF-S 1112 originated channel switch, the TVWS-
SSF-S 1112 (which may control the down-converter on the AP 1140 and STA
1190 itself) may determine the presence of a strong interferer on the active
channel that may compromise the connection between the AP 1140 and STA
1190 (1604) during its continuous high priority sensing on the active channel
(1602). Such strong interferer may be detected on the active channel when the
sensing results pass a high threshold set by the TVWS-SSF-P 1132. The
TVWS-SSF-S 1112 may then command an immediate switch to the alternate
channel provided by the TVWS-CMF 1134 (1606). The down-converter 1200
may then change its operating frequency (1612). Following the frequency
switch, TVWS-SSF-S 1112 may notify the TVWS-CMF 1134 and the TVWS-
SSF-P 1132 of the change in the active channel using an active channel
change request message (1608). This example uses a total of three channels
and, therefore, the new alternate channel is known by all parties by default.
In an embodiment where more than three channels are used, the alternate
channel chosen by the TVWS-CMF 1134 may be communicated to the other
entities using corresponding confirm messages.

[0129] The TVWS-SSF-P 1132 may change its current best alternate
channel (1610) and send an active channel change indication message to the
TVWS-CMF 1134 (1614). The TVWS-CMF 1134 may store the change of
channel information into a channel selection algorithm memory (1616) and
send an active channel change confirmation message to the sensing board
1110 (represented by 1618 and 1620). The sensing board 1110 may then
change its current best alternate channel (1622).

[0130] FIG. 17 1llustrates example call flows 1700 for originated channel
switching. Due to continuous high-priority sensing on the active channel

(1702 and 1704), the TVWS-SSF-S 1112 may detect interference exceeding a
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low threshold (1706). When this occurs, the TVWS-SSF-S 1112 may send a low
threshold pass indication message to the TVWS-SSF-P 1132 (1708). In an
embodiment with multiple sensing boards 1110, the TVWS-SSF-P 1132 may
compare this result with those from other sensing boards 1110. In the
embodiment 1illustrated in FIG. 17, the TVWS-SSF-P 1132 may make its
decision as to whether an incumbent is present on the spectrum based on a
PSD and a threshold received in the low threshold pass indication message
(1710).

[0131] If the TVWS-SSF-P 1132 determines that an incumbent 1s
present on the spectrum, it may notify the TVWS-CMF 1134 using an active
channel incumbent detected message (1714). The TVWS-CMF 1134 may then
store this event in the database 1136, choose new active and best alternate
channels (1716), and send information about the new active and best alternate
channels to the TVWS-SSF-P 1132 (and consequently the TVWS-SSF-S 1112)
through an active channel change request message (1718 and 1721). Upon
receipt of the message, the TVWS-SSF-S 1112 may switch the down-converter
1200 to the new active channel frequency (represented by 1724 and 1726) and
store the new alternate channel (1722). The TVWS-SSF-P 1132 may also
store the new alternate channel (1720). The TVWS-SSF-S 1112 may send an
active channel change confirmation to the CGW 1130 (represented by 1728
and 1730).

[0132] The DFSM-RSB 1030 may include DSM-RFSB software, which
may perform the basic radio and algorithm control functions for the
embodiments illustrated in FIGs. 11-17. The DSM-RFSB software may create
channel sensing objects to be managed by the DSM-RFSB 1030. The channel
sensing objects may contain all of the information required to configure the
hardware and software to obtain sensing results. The DFSM-RFSB software
may also receive and process API requests, which may indicate the start of a
sensing operation or the need to cancel an ongoing sensing operation.

[0133] FIGs. 18A and 18B are block diagrams 1800A and 1800B,
respectively, of example DSM-RFSB software modules. FIG. 18A illustrates a
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general embodiment, and FIG. 18B illustrates an embodiment configured for
use with a Blackman Tukey sensing algorithm. The example DSM-RFSB
software 1802 illustrated in FIG. 18A includes a control and timing unit 1804,
an API unit 1806, an interface to the SSF 1812, a measurement finalization
and post-processing unit 1810, sensing algorithm software 1808, sensing
algorithm hardware 1814, an Analog-to-Digital-Converter (ADC) module
including digital down-converter (DDC) and ADC hardware 1816, and a radio
front end 1820 including radio modules 1822. The example DSM-RFSB
software 1850 1illustrated in FIG. 18B includes units similar to the
corresponding units illustrated in FIG. 18A but specifically configured for use
with the Blackman Tukey sensing algorithm. In particular, the DSM-RFSB
software 1850 illustrated in FIG. 18B includes a control and timing unit 1852,
an API unit 1860, an interface to the SSF 1862, Blackman Tukey hardware
1864, Blackman Tukey software 1854, averaging logic 1856, a window
maintenance unit 1858, an ADACIII 1866 including the DDC and ADC
hardware 1868 and a radio board 1870 including a WiMax RF module 1872
and a low-band RF module 1874.

[0134] The DSM-RFSB software 1802 illustrated in FIG. 18A may
perform the basic radio and algorithm control functions for the TVWS
embodiment. The basic radio functions may include, for example, the
following. The DSM-RFSB software 1802 may control the RF front end 1820
and digital down-converter (1818) by setting the sensing bandwidth and
center frequency of the radio (1822). The DSM-RFSB software 1802 may also
control the sensing algorithm hardware 1814 by configuring start and stop
times for capture and processing portions of the hardware. The DSM-RFSB
software 1802 may collect results from the hardware 1814 and perform any
software post-processing required by the algorithm. The output of the
software post-processing may include a measured metric for the channel that
was sensed. This metric may be a power spectral density (PSD) or other
metric that is specific to the algorithm implemented by the DSM-RFSB 1030.
The DSM-RFSB software 1802 may also provide a generic interface for
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configuring parameters related to the sensing algorithm that the DSM-RFSB
1030 1s implementing.

[0135] The sensing algorithm may be implemented in a combined
hardware/software split in such a way that high-load/high-rate computations
may be made in the sensing algorithm hardware 1814, whereas the sensing
algorithm software 1808 may perform simple tasks using the output of the
hardware 1814 to further provide configurability of the sensing algorithm
during runtime. As a result, the SSF may have the ability to configure the
behavior of the sensing algorithm software 1808, as well as the ability to
control portions of the hardware 1814, by using the services of a well defined
API 1806. In the more specific example illustrated in FIG. 18B, the sensing
algorithm may be based on the Blackman Tukey algorithm illustrated, for
example, in FIG. 19 with a configurable averaging of PSD realizations.

[0136] The control and timing unit 1804 may enable and control the
sensing algorithm hardware 1814 at appropriate times based on high-level
and generic sensing commands sent to the DSM-RFSB 1030. The control and
timing unit 1804 may be aware of the timing associated with each portion of
the sensing algorithm and the configuration that needs to be set in the
hardware registers to obtain sensing results that meet the needs of the SSF.
The sensing algorithm hardware 1814 may be able to interrupt the sensing
algorithm software 1808 to indicate the end of a sensing stage. Preliminary
results may then be available in results registers, which the sensing algorithm
software 1808 may read and continue operation on.

[0137] The control and timing unit 1804 may also have main control of
the radio front end 1820 and ADC module 1816 of the sensing board 1110.
Since the sensing board 1110 may have the ability to perform sensing over
several distinct operating bands, it may be equipped with several RF modules
1114, and the activation of each RF module 1114 may be handled by the
control and timing unit 1804. Hardware control signals may also be sent to
the ADC module 1816 to control final down-conversion in order to obtain final

I/Q baseband samples to be input to the sensing algorithm hardware 1814.
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[0138] The measurement finalization and post-processing unit 1810 may
perform any final steps needed to send the sensing results to the SSF over the
interface 1812. This may include, for example, measurement averaging that
may be different on a per-channel basis or any filtering results that the SSF
requests.

[0139] FIG. 19 is a flow diagram illustrating an example of the
Blackman Tukey sensing algorithm that may be executed by the Blackman
Tukey software 1854 illustrated in FIG. 18B. The Blackman Tukey sensing
algorithm may include estimation of the autocorrelation of the input signal
(1902), windowing of the autocorrelation estimate to reduce PSD estimate
variance (1904), determining an FFT of the windowed autocorrelation to
obtain the estimated PSD (1906), and averaging the estimated PSD over M
frames of N samples (1908).

[0140] The autocorrelation (1902) may generate R+1 correlation values
by correlating an N-sample sequence with itself at different time shifts. More
particularly, the autocorrelation (1902) may include implementing the

following equations on a set of N complex input samples x(n):

r(m) = ﬁNfo(n)x*(n —-m);m =0,,..R

r(=m) =r(m) Equation (5)
The windowing (1904) may include multiplying an output of the
autocorrelation (1902) (sample by sample) by a Blackman window of length
2R+1. The coefficients of the Blackman window for the length 2R+1 are given

1n Table 3.
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Table 3

0, 0.0001, 0.0002, 0.0005, 0.0009, 0.0014, 0.0020, 0.0027, 0.0035, 0.0045, 0.0055, 0.0067,
0.0080, 0.0095, 0.0111, 0.0128, 0.0146, 0.0166, 0.0188, 0.0210, 0.0235, 0.0261, 0.0288, 0.0318,
0.0349, 0.0382, 0.0416, 0.0453, 0.0491, 0.0531, 0.0574, 0.0618, 0.0664, 0.0713, 0.0764, 0.0817,
0.0872, 0.0929, 0.0989, 0.1051, 0.1116, 0.1183, 0.1252, 0.1324, 0.1399, 0.1475, 0.1555, 0.1637,
0.1721, 0.1808, 0.1897, 0.1989, 0.2083, 0.2180, 0.2280, 0.2381, 0.2485, 0.2592, 0.2701, 0.2812,
0.2925, 0.3041, 0.3159, 0.3278, 0.3400, 0.3524, 0.3649, 0.3776, 0.3905, 0.4036, 0.4168, 0.4302,
0.4436, 0.4572, 0.4709, 0.4847, 0.4986, 0.5126, 0.5266, 0.5407, 0.5548, 0.5689, 0.5830, 0.5971,
0.6113, 0.6253, 0.6393, 0.6533, 0.6672, 0.6810, 0.6946, 0.7082, 0.7216, 0.7348, 0.7479, 0.7608,
0.7736, 0.7860, 0.7983, 0.8103, 0.8221, 0.8336, 0.8448, 0.8557, 0.8663, 0.8766, 0.8866, 0.8962,
0.9054, 0.9143, 0.9227, 0.9308, 0.9385, 0.9458, 0.9526, 0.9590, 0.9650, 0.9705, 0.9756, 0.9802,

0.9843, 0.9880, 0.9911, 0.9938, 0.9961, 0.9978, 0.9990, 0.9998, 1, 0.9998, 0.9990, 0.9978,
0.9961, 0.9938, 0.9911, 0.9880, 0.9843, 0.9802, 0.9756, 0.9705, 0.9650, 0.9590, 0.9526, 0.9458,
0.9385, 0.9308, 0.9227, 0.9143, 0.9054, 0.8962, 0.8866, 0.8766, 0.8663, 0.8557, 0.8448, 0.8336,
0.8221, 0.8103, 0.7983, 0.7860, 0.7736, 0.7608, 0.7479, 0.7348, 0.7216, 0.7082, 0.6946, 0.6810,
0.6672, 0.6533, 0.6393, 0.6253, 0.6113, 0.5971, 0.5830, 0.5689, 0.5548, 0.5407, 0.5266, 0.5126,
0.4986, 0.4847, 0.4709, 0.4572, 0.4436, 0.4302, 0.4168, 0.4036, 0.3905, 0.3776, 0.3649, 0.3524,
0.3400, 0.3278, 0.3159, 0.3041, 0.2925, 0.2812, 0.2701, 0.2592, 0.2485, 0.2381, 0.2280, 0.2180,
0.2083, 0.1989, 0.1897, 0.1808, 0.1721, 0.1637, 0.1555, 0.1475, 0.1399, 0.1324, 0.1252, 0.1183,
0.1116, 0.1051, 0.0989, 0.0929, 0.0872, 0.0817, 0.0764, 0.0713, 0.0664, 0.0618, 0.0574, 0.0531,
0.0491, 0.0453, 0.0416, 0.0382, 0.0349, 0.0318, 0.0288, 0.0261, 0.0235, 0.0210, 0.0188, 0.0166,
0.0146, 0.0128, 0.0111, 0.0095, 0.0080, 0.0067, 0.0055, 0.0045, 0.0035, 0.0027, 0.0020, 0.0014,

0.0009, 0.0005, 0.0002, 0.0001, O

[0141] The FFT (1906) may then take the positive-most indexed 2R
values of the windowed autocorrelation to perform a 2R length FFT and,
consequently, convert the estimated autocorrelation value to an estimated
Power Spectral Density (PSD). The windowing applied to the autocorrelation
sequence may result in a decrease in the bias caused by aliasing that may be
inherent in FFT-based spectral estimation. To decrease the estimation
variance, M separate realizations of the PSD estimate may be averaged to
obtain the final PSD estimate from which a set of holes (or potential spectral
opportunities) may be derived.

[0142] The control and timing unit 1852 illustrated in FIG. 18B may
control the radio 1872 and DDC hardware (1868) through radio control
commands. The radio control commands may be sent by hardware in the
control and timing unit 1852 across an interface between the ADACIII 1866
and DSM-RFSB software 1850 modules. The control and timing unit 1852
may also control the Blackman Tukey hardware 1864. This may be achieved
through control signals (from the software to the hardware) and interrupts
(from the hardware to the software). Results provided from the Blackman

Tukey hardware 1864 may be made available to the Blackman Tukey software
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1854, which may perform the final tasks of the Blackman Tukey algorithm on
the hardware results to generate the actual PSD. Outputs from the Blackman
Tukey software 1854 may be used by the averaging logic 1856 and window
maintenance 1858 units in order to generate one or more averaged PSD
estimates that may be sent to the SSF via the API interface 1860.

[0143] The following API functions may be implemented by the DSM-
RFSB software 1802/1850. These API functions may center around creation of
several channel sensing objects.

[0144] A Create_Channel_Sensing Object API function may create a
channel object to be managed by the DSM-RFSB 1030. Inputs of the
Create_Channel_Sensing_Object API function may include a bandwidth input,
a center_frequency input, a sensing type input, a period input and an
averaging_properties input. The bandwidth input may specify an input
bandwidth to be used for sensing on this channel object. The center_frequency
mnput may specify a center frequency for the sensing on this bandwidth. The
sensing_type input may specify the sensing type of this sensing object. The
sensing type may be, for example, PERIODIC (e.g., sensing on the channel is
performed periodically every x ms) or ON_DEMAND (sensing on this channel
object occurs only when the sensing object 1s called to start). The period input
may specify a period (e.g., in ms) for the PERIODIC sensing object type. The
averaging_properties input may be a structure that describes the properties of
the averaging and reporting on this channel sensing object. These properties

are described in Table 4.
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Table 4
averaging_properties Description
averaging_length This parameter gives the number of frames

over which the averaging applies for this
channel sensing object. A frame represents a
single atomic hardware operation of
generating a PSD on 8192 I/Q samples.

reporting length This parameter gives the interval (in number
of frames) after which the DSM-RFSB
software reports the averaging results for a
particular sensing object to the SSF.

running_length This parameter specifies the length of time (in
number of frames) for which hardware runs in
an uninterrupted fashion. For an
ON_DEMAND channel object, sensing 1s
started with a separate function call each time
the hardware 1s run for a given running
length.

reset_after_report When this parameter 1s set to true, the
averaging for that particular channel object 1is
reset each time the reporting length is
reached.

Outputs of the Create_Channel_Sensing_Object API function may include a
channel_sensing ID output, which may be a unique identifier with which to

1dentify the channel sensing object during future calls to API functions.

[0145] A Modify-Channel_Sensing Object API function may modify a
channel sensing object to change one of its parameters. The inputs to this API
function may be the same as the inputs for the
Create_Channel_Sensing Object function, and the

Create_Channel_Sensing_Object function may include no outputs.

[0146] A Start_Channel_Sensing_On_Object API function may start the
channel sensing operation for one or more particular sensing objects by
generating appropriate signals for the Blackman Tukey hardware 1864. If the

sensing object is a PERIODIC sensing object, the sensing operation may be
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started automatically each period for that sensing object. If the sensing object
1s an ON_DEMAND sensing object, the sensing operation may be run for the
time corresponding to the running_length for the sensing object and then stop.
[0147] Sensing may be run simultaneously for more than one sensing
object. In order for the software to allow this, the sensing object may have the
same values of bandwidth, center_frequency, sensing type and period. In
addition, the sensing object averaging properties may differ in any field
except running length. This functionality may be needed to maintain
different length PSD averages on the same physical channel.

[0148] When a sensing operation for a single frame 1s completed by the
hardware 1864, an interrupt may be generated and may be handled by the
interrupt handling mechanism that may be a part of the control and timing
unit 1852.

[0149] Inputs for the Start_Channel On_Sensing Object function may
include a num_channel_sensings input, a channel_sensing ID[] input and a
subsequent_channel _ID input. The num_channel sensings input may
indicate the number of channel sensing objects that are run simultaneously
with this start command. The channel_sensing ID[] input may be an array of
unique 1dentifiers of the channel sensing objects whose operation is to be
started. The subsequent_channel ID input may be a unique identifier of the
channel sensing object that will follow. This may allow the DSM-RFSB 1030
to set up the radio for the next sensing operation when the current one 1s
completed (e.g., setup of the radio may occur with this function call to the
API). If this input 1s NULL, the radio may not be set up at the end of the
operation, and the DSM-RFSB 1030 may instead do so at the call to
Start_Channel_Sensing On_Object for the next channel object. The
Start_Channel_On_Sensing Object function may include no outputs.

[0150] A Stop_Channel_Sensing On_Object API function may be used to
stop an ongoing sensing operation for a particular sensing object. For a
PERIODIC sensing object, all future hardware scheduling and sensing for this
object may be suspended until a future start is issued. For an ON-DEMAND
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sensing object, when the function i1s called during execution of a particular
sensing operation, the operation may be cancelled and the hardware/software
may be brought to the state it was in prior to the start of the operation (e.g.,
any buffers or averaging for that operation may be cleared). Interrupts may
not be generated for any ongoing hardware operations.

[0151] A Reset_Channel_Sensing On_Object API function may be used
to reset all counters for a channel sensing operation (e.g., all averaging results
currently pending may be reset and the next start on this object may behave
as though the object was just created). The inputs and outputs for this API
function may be the same as for the Start_Channel Sensing On_Object
function.

[0152] The window maintenance unit 1858 may maintain a window of
PSD values to average for each channel sensing object and may translate an
API request to create a channel sensing object into a structure or array that
maintains the PSD values to be averaged in different ways (e.g., moving
average, fixed average, etc.) based on the settings of the channel sensing
object configured during the API call.

[0153] At the occurrence of each PSD (e.g., measured by the Blackman
Tukey hardware 1864/software 1854), the window maintenance component
1858 may add to each PSD an appropriate array or structure. It may then use
the averaging logic 1856 to re-compute the average for that particular channel
sensing object. Based on a reporting rate or reporting time for a channel
sensing object, the window maintenance component 1858 may trigger a
message to the TVWS-SSF-S 1112 to report a new measurement for the
channel sensing object. The window maintenance component may, thus, use a
windowing function to compute the average PSD or sensing metrics based on a
configurable-length time window. This window may depend on at least one of
a type of interferer to be detected, an amount of time required to detect the
primary incumbent (user) of the spectrum, the mobility of the sensing
device(s) (e.g., CR nodes, WTRUs configured to act as CR nodes, etc.), or a

knowledge of a noise level on the channel and may ultimately be decided by
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the knowledge of the CGW 1130 regarding the channel and potential
interferers.

[0154] FIG. 20 1s a flow diagram 2000 illustrating a method that may be
executed by the window maintenance component 1858 for a particular PSD
value (e.g., computed by the Blackman Tukey hardware 1864/software 1854).
The PSD may be computed on a particular channel sensing object (2002), and
an identifier (ID) of the channel sensing object may be obtained (2004). A new
PSD value may be added to the window, and a new average may be
recomputed (2006). Un-needed PSD values that now fall outside the window
may be discarded (2006).

[0155] A report_counter variable may then be incremented (2008). The
report_counter variable may maintain a count of a number of PSD values that
have been averaged since the last report to determine when a report must be
made (2008). On a condition that report_counter equals a predetermined
report_length value (2010), an average report may be sent to an interface
layer or to the TVWS-SSF-S 1112 including the average value and the ID for
the channel sensing object (2012) and the variable report_counter may be
reset (2014). On a condition that report_counter does not equal report_length
(2010), or on a condition that the report_counter has been reset (2014),
window management processing may be completed (2016).

[0156] FIG. 21 1s a block diagram 2100 of an example TVWS-SSF-S
software module 2110. The TVWS-SSF-S software module 2110 may be the
main control component for sensing for the TVWS embodiment (e.g.,
illustrated in FIGs. 11-17). Because the sensing may operate around the
presence of silent measurement periods that may be communicated by the AP
1140 to the sensing platform, the TVWS-SSF-S software module 2110 may
reside on the sensing platform. As a result, scheduling may be quicker and
may make use of a maximum amount of silent period time for active channel
sensing. The illustrated TVWS-SSF-S software module 2110 includes a
results processing unit 2112 and a scheduler 2114 and 1s 1n communication

with the DSM-RFSB 1030 and the TVWS-SSF-P 1132.
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[0157] Active channel sensing may be performed during a silent period
(e.g., 10 ms of silent time occurring every 100 ms), while alternate channel
sensing may be performed during an active period (e.g., the remaining time).
The TVWS-SSF-S software module 2110 may be notified of the start of a silent
period (e.g., with a maximum allowable amount of synchronization error) by
an interrupt that may be forwarded to it by a timing and control unit (e.g.,
1804 or 1852) of the DSM-RFSB 1030. It may then schedule the sensing
operations through appropriate calls through the API (1806 or 1860) of the
DSM-RFSB 2130 around the silent period, for example, using a timer
interrupt to determine the end of the silent period.

[0158] In addition to scheduling the sensing operation, the TVWS-SSF-S
software module 2110 may include additional tasks. For example, the TVWS-
SSF-S software module 2110 may forward alternate channel sensing results to
the TVWS-SSF-P 1132 for eventual decision of the best alternate channel. For
another example, the TVWS-SSF-S software module 2110 may compare the
active channel sensing results with a high threshold and determine whether a
switch to the alternate channel 1s required. For another example, the TVWS-
SSF-S software module 2110 may compare the active channel sensing results
with a low threshold and determine whether a message 1s sent to the TVWS-
SSF-P 1132. For another example, the TVWS-SSF-S software module 2110
may perform the switch of a TVWS down-converter (e.g., 1200) to the
alternate channel if the TVWS-CMF 1134 or TVWS-SSF-S 1112 decides that a
frequency switch of the active channel to one of the alternate channels is
required.

[0159] Events/interrupts may trigger the TVWS-SSF-S software module
2110 to operate. Example events/interrupts are given in order of priority

(priority level 1 being the highest priority) in Table 5.
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Table 5
Event Priority Handling
Subcomponent
Message from TVWS-SSF-P 1 Results
Processing
Silent Period Start Interrupt 2 Scheduler
Silent Period Duration Timer 2 Scheduler
Interrupt
Reception of Average Report from 3 Results
DSM-RFSB Processing
[0160] The TVWS-SSF-S software module 2110 may reside in an

mitialization mode or a normal mode. These modes may reflect the message
flows for initialization and operation (e.g., described above with respect to
FIGs. 11-17). The results processing unit 2112 may send messages to the

scheduler 2114, which may include, for example, the messages listed in Table

6.
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Table 6
Message Purpose Contents | Allowable
Mode

FREQUENCY_SWIT | Sent to the scheduler ID of new | Normal

CH when a decision (either by | active
the TVWS-SSF-P or the channel
Results Processing
subcomponent) to switch
the active channel.

INITIALIZATION Start initialization Frequenc | Initializat
procedure, which consists | y and on
of finding the best averaging
channel as the starting informati
channel for the on about
connection of the STA the 3
and AP (following boot- channels
up).

START _NEXT Start the next channel No Initializat
sensing object (used to paramete | 1ion
synchronize averaging rs
reports and sensing
operation starts during
the 1mnitialization process).

INITIALIZATION_D | Signal the selection of the | ID of Initializat

ONE current active channel selected on
and creation of the DSM | active
RFSB objects associated. | channel.

INITTIALIZATION_E [ Signals an error in the Error Initializat

RROR mitialization process. code for on
The Results Processing initializat
module will assume the 10N error.

nitialization process will
be restarted when this
message 1s received.

[0161]

include variables for maintaining consistency between the channel sensing

Internal control and shared variables illustrated in FIG. 21 may

object with respect to the averaging reports and the sensing object schedules.

These may be implemented as having the channel sensing objects as shared

variables between the two subcomponents. The CGW/sensing board messages
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may include the messages exchanged between the CGW 1130 and the sensing
board 1110 over the Ethernet link 1192.

[0162] The TVWS-SSF-S software module 2110 may create and
maintain a number of channel sensing objects. The scheduler 2114 may
schedule a start of sensing for each of these sensing objects based on the silent
measurement periods, and the results processing unit 2112 may manage
sending of an average of each sensing object to the TVWS-SSF-P 1132 at the
appropriate times.

[0163] The number of sensing channel objects maintained for each
channel may depend on the current active channel (TVWS or industrial,
scientific and medical (ISM)). This information may be communicated to the
TVWS-SSF-S software module 2110 during initialization.

[0164] For the TVWS embodiment (e.g., illustrated in FIGs. 11-17), two
TVWS channels and one ISM channel may be available for use. An averaging
timeline for each type of potential interferer being used (digital television
(DTV) and wireless microphone for TVWS channels and strong ISM interferer
for ISM bands) may be needed. As a result, the TVWS-SSF-S software module
2110 may instantiate (with the help of the initialization information provided
by the TVWS-SSF-P 1132) the channel sensing objects illustrated in Tables 7
and 8 depending on whether the active channel is in the TVWS or ISM band.
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Table 7 - TVWS-SSF-S Channel Sensing Objects when Active Channel is

TVWS

Channel
Sensing
Object ID

Purpose

RF
sensing

BW

aqueraging_leng

th

reporting_leng
th

running_leng
th

reset_aft
er_report

1

Active
channel,
wireless
micropho
ne
detection

5 MHz

40

False

Active
Channel,
DTV
Detection

5 MHz

250

False

TVWS
Alternate
Channel
(Alt Chl)

5 MHz

250

250

40

True

ISM
Alternate
Channel
(Alt Ch2)

20 MHz

40

40

40

True

TVWS
Alternate
channel
(alt Chl),
wireless
micropho
ne

5 MHz

40

40

40

True
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Table 8 - TVWS-SSF-S Channel Sensing Objects when Active Channel 1s ISM

Channel
Sensing
Object
1D

Purpose

RF
sensing

BW

aueraging_leng
th

reporting_leng
th

running_leng
th

reset_aft
er_report

1

Active
channel,
strong
ISM
interferer

20 MHz

40

False

TVWS
Alternate
Channel
(Alt Chl)

5 MHz

250

250

40

True

TVWS
Alternate
Channel
(Alt Ch2)

5 MHz

250

250

40

True

TVWS
Alternate
channel
(alt Chl),
wireless
microphon
e

5 MHz

40

40

40

True

TVWS
Alternate
channel
(alt Ch2),
wireless
microphon
e

5 MHz

40

40

40

True

[0165]

In Table 7, two sensing objects (channel IDs 1 & 2) are

maintained on the active channel, one for wireless microphone and DTV,

respectively. Because sensing on the active channel is performed during the

silent period, these objects are set to run simultaneously.

Based on the

running time of the hardware and the silent period duration, six frames may

be run during the silent period, and the TVWS-SSF-S 1112 may receive a

report at the end of each silent period. The amount of averaging may be based
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on the number of frames needed to be averaged to detect the interferer in
question at i1ts minimum required detectable power (e.g., 40 frames for
wireless microphone, 250 frames for DTV). During the active period, sensing
may be performed on the alternate channels using channel sensing object IDs
3 and 4. Since these channel sensing objects sense two separate physical
channels, they may not be run in parallel. Once received by the TVWS-SSF-S
1112, the reports on both alternate channels may be sent to the TVWS-SSF-P
1132 and may constitute the periodic alternate channel reports used by the
TVWS-CMF 1134 to select the best alternate channel. Channel object ID 5
represents sensing over 40 frames of the alternate channel in TVWS (Alt. Ch
1). At any given time, the TVWS-SSF-S 1112 may maintain the sensing
results for the last 40 frames on the alternate channel in TVWS. This
information may, however, only be used when an incumbent is detected on the
active channel. Namely, when the message indicating this situation is sent to
the TVWS-SSF-S 1112, the sensing results from channel ID 5 may also be sent
if a wireless microphone appeared very recently on the alternate channel
which, up to that point, was considered to be the best alternate channel. This
channel sensing object (ID 5) may be referred to as the preventative channel
sensing object.

[0166] Table 8 shows sensing objects required when the active channel
1s an ISM channel. A single channel sensing object (Ch ID1) may be
maintained for the strong interferer. As for the TVWS active channel, two
alternate channel sensing objects (ID 2 and 3) may be needed to provide
periodic reports on the two alternate channels. Since the two alternate
channels in this case are both in TVWS, two preventative channel sensing
objects (Ch ID 4 and 5) may be needed.

[0167] When a switch of the active channel occurs, the TVWS-SSF-S
1112 may modify the channel sensing objects to transition between the
situations in Tables 7 and 8, if applicable.

[0168] FIG. 22 1s a flow diagram 2200 for a method that may be

executed by the results processing unit 2112 during an initialization mode.
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When boot-up 1s complete and an IP link 1s established (2202), the down-
converter (e.g., down-converter 1200) may be disabled or placed at an
undefined frequency (2204) and whether a Setup Channel ID and Frequency
Information message is received may be determined (2206). If not, 2206 may
be repeated until the message is received. If the message 1s received in 2206,
the ID and frequency information may be stored (2208) and whether a Setup
Channel Sensing Configuration message 1s received may be determined
(2210). If the message 1s received 1n 2210, the high_threshold and
low_threshold information may be stored for each channel (2214). If the
message 1s not received in 2210, whether a Sensing Measurement Request
message 1s received may be determined (2212). If the message 1s not received
n 2212, 2210 may be repeated. If the message 1s received in 2212, 2220 may
be directly entered (described in more detail below).

[0169] Once the high_threshold and low_threshold information are
stored in 2214, whether a Sensing Measurement Request message 1is received
may be determined (2218). If not, 2218 may be repeated until the message 1s
received. If the message is received in 2218, an INITTALIZATION message
may be sent to the scheduler 2114 (2220).

[0170] Next, the following may be repeated for all channels. A
START NEXT message may be sent to the scheduler 2114 indicating the next
channel to sense (2222). Whether an averaging report message is received
from the DSM-RFSB 1030 may be determined (2224). If not, 2224 may be
repeated until the message 1s received. If the message is received in 2224, the
results for each channel may be stored (2226).

[0171] Once the results are stored for all channels, a Sensing
Measurement Response message may be sent (2228), and whether an Active
Channel Setup Request message 1s received may be determined (2230). If the
Active Channel Setup Request message 1s received, the current alternate
channel for wuse 1n normal mode may be stored (2234), an
INITIALIZATION_DONE message may be sent to the scheduler 2114 (2236),

the TVWS down-converter (e.g., down-converter 1200) may be set to the active
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channel (2238) and a normal results operation process may be started (2240).
If the Active Channel Setup Request message 1s not received, whether a Setup
Channel ID and Frequency Information message 1s received may be
determined (2232). If the Setup Channel ID and Frequency Information
message 1s received, a scanning mode may be triggered (2216) and 2218 may
be repeated. If the Setup Channel ID and Frequency Information message 1s
not received, 2230 may be repeated.

[0172] The results processing wunit 2112 may send an
INITIALIZATION_ERROR message on a condition that the parameters used
for 1nitialization are incorrect or not supported. Further, a timeout may occur
while the results processing unit 2112 1s waiting for a message. Here, an
INITTIALIZATION_ERROR message may be sent when the timeout occurs.
[0173] FIG. 23 1s a flow diagram 2300 of a method that may be executed
by the results processing unit 2112 during a normal mode. A normal
processing operation may be started (2302), and whether a Setup Channel ID
and Frequency Information message followed by a Setup Sensing
Configuration Message is received may be determined (2304). If yes, an
INITIALIZATION message may be sent to the scheduler 2114 (2306) and a
scanning mode may be triggered (2308). If no, whether an Active Channel
Change Request message 1s received may be determined (2310). If yes, a
FREQUENCY_SWITCH message may be sent to the scheduler 2114 (2312),
and the TVWS-down-converter (e.g., 1200) may be switched to the new active
frequency (2314). If no, whether an Alternate Channel Change Request
message 1s received may be determined (2311). If yes, the new alternate
channel may be stored (2315). If not, whether an Averaging Report 1s received
from the DSM-RFSB 1030 may be determined (2316). If no, the normal
results processing operation may be re-started (2302).

[0174] If an Averaging Report 1s received from the DSM-RFSB 1030,
whether the Averaging Report i1s for an active channel may be determined
(2318). If the Averaging Report 1s for an active channel, a detection analysis

routine may be entered (2326) and whether an interferer 1s detected may be

-61-



WO 2012/061383 PCT/US2011/058781

determined (2328). If no interferer is detected, the normal results processing
operation may be re-started (2302). If a compromising interferer is detected, a
proactive channel switch routine may be executed (2330) and the normal
results processing operation may be re-started (2302). If a non-compromising
interferer 1s detected, a Low Threshold Pass Indication may be sent to the
TVWS-SSF-P 1132 along with a preventative channel object PSD (f
applicable) (2332). Then, the normal results processing operation may be re-
started (2302).

[0175] If the Averaging Report is not for an active channel, whether the
Averaging report 1s a preventative channel object may be determined (2320).
If no, an Alternate Channel Measurement Results message may be sent to the
TVWS-SSF-P 1132 (2322) and the normal results processing operation may be
re-started (2302). If the Averaging Report is a preventative channel object,
the Averaging Report may be stored as the last preventative sensing PSD
value for this alternate channel (2324) and the normal results processing
operation may be re-started (2302).

[0176] Referring back to FIG. 11, the interface between the sensing
board 1110 and the CGW 1130 1s through messages passed over the Ethernet
Link 1192. Table 9 gives the messages and message contents for the example
llustrated in FIG. 11 but does not include regular IP initialization messages

that serve to establish the IP link to the sensing board 1110.

Table 9
Message Parameters Originator Additional
Name Notes
Setup Channel | numChannels — Number TVWS-SSF-P | For the TVWS
ID and of channels to be sensed. embodiment,
Frequency channelIDList — List of there are 3
channel IDs for the channels (2
channels TVWS and 1

channelType — A channel ISM).

type (integer value)
assoclated with each

channel. For the TVWS
embodiment, this field is
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used to differentiate
between the sensing
behavior to be applied to a
TVWS channel and an
ISM band channel. It may
be used for a similar
function 1n other
embodiments as well.

centerFrequencyList —
Corresponding list of
center frequencies of the
channels (for both sensing
board and DDC).

bandwidthList —
corresponding list of
sensing bandwidths for
the channels

Setup Sensing
Configuration

algorithmType — Integer
code of the sensing
algorithm to be used. In
the TVWS embodiment,
this field 1s hardcoded to a
value that indicates the
Blackman Tukey.

algorithmConfiguration —
Integer code specifying the
particular configuration to
be attached to the sensing
algorithm specified in the
algorithmType field.

TVWS-SSF-P

For the
Blackman
Tukey
algorithm, the
TVWS-SSF-S
uses the
algorithmConf
iguration
parameter to
select and
configure the
following from
a database of
parameters
associated to
that
configuration:
1) The
reporting
frequency (in
frames) of the
alternate
channels

2) A list of one
or more
averaging
lengths to be
used on each
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channel based
on the
channelType
field. For
mstance, a
TVWS
channel will
have two
objects with
averaging
lengths of 40
frames and
250 frames
respectively.
3) A list of
corresponding
high
thresholds
(used for
proactive
switch
decision by
the TVWS-
SSF-S) to be
used with
each of the
averaging
lengths on a
particular
channel.

4) A list of
potential
interferers for
each
channelType
(e.g. the
TVWS
channel will
have WM and
DTV as the
mterferers)
and the
averaging
length and
threshold to
be associated
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with each
mterferer for
detection of
this interferer
on the active

channel.
Setup Sensing | None (potential to send TVWS-SSF-S | Confirms
Confirm failure response) either a Setup
Channel ID
and
Frequency
message Or a
Setup Sensing
Configuration
message.
Sensing None. TVWS-SSF-P | Requests
Measurement, sensing
Request mformation
for all of the
channels
(needed for
mitialization).
Active Channel | activeChannellD — ID of TVWS-SSF-P
Setup Request | the channel to use as the
current active channel
alternateChannellD — 1D
of the channel to use as
the current alternate
channel
Active Channel | None (potential to send TVWS-SSF-S
Setup Confirm | failure response)
Sensing reasonCode — Indicates TVWS-SSF-S | This message
Measurement | the reason for sending the 1S a generic
Results Sensing Measurement message used

Results message. For the
TVWS embodiment, the
following reason codes are
supported:

INITIAL_CHANNEL_ME
ASUREMENTS — reports
all channel measurements
during initial channel
selection phase

n order to
report the
sensing
results to the
TVWS-SSFE-P.
For the TVWS
embodiment,
this message
1s used 1n
three
mstances
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ALTERNATE_CHANNEL
_MEASUREMENTS
reports measurements of
the alternate channels

LOW_THRESHOLD_PAS
S_INDICATION
indicates that the low
threshold will passed on
the active channel

numChannels — Number
of channels on which we
are reporting
measurement results.
(this message may or may
not contaln measurements
on the active channel).

channellIDList — Last of
channel IDs for which we
are reporting
measurement results

sensingResultsList -
corresponding list of
averaged PSDs for each of
the channels in the
channellIDList

(each having
its own
reasonCode):
during
mitialization
1 order to
report the
mitial channel
measurement
s (in response
to a sensing
measurement
request), in
normal mode
1 order to
periodically
report the
channel
sensing
results for the
alternate
channels, and
1n normal
mode 1n order
to indicate the
passing of a
low threshold.
In the case 3
(LOW_THRE
SHOLD_PAS
S_INDICATI
ON), the
preventative
channel
mformation 1s
sent 1n this
message along
with the
active channel
results.

Alternate alternateChannellD — 1D TVWS-SSF-P
Channel of the channel to use as

Change the new alternate channel

Request

Alternate None (potential to send TVWS-SSF-S
Channel failure response)
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Change
Confirm

Active Channel
Change
Notification

activeChannellD — 1D of
the channel to use as the
new active channel

alternateChannellD — 1D
of the channel to use as
the new alternate channel

TVWS-SSF-S

The TVWS-
SSFE-S, by
default,
chooses the
only
remaining
channel as the
new alternate
channel. The
TVWS-SSF-P
may then
modify this
using a
separate
message to
change the
alternate
channel.

Active Channel
Change
Request

activeChannellD — 1D of
the channel to use as the
new active channel

alternateChannellD — 1D
of the channel to use as
the new alternate channel

TVWS-SSF-P

Active Channel
Change
Confirm

alternateChannellD — 1D
of the channel to use as
the new alternate channel

TVWS-SSF-S
or TVWS-
SSF-P

Confirms
either an
Active
Channel
Change
Notification or
an Active
Channel
Change
Request.
When 1t
confirms an
Active
Channel
Change
Notification,
the
alternateChan
nellD field 1s

-67-




WO 2012/061383 PCT/US2011/058781

used to send
the new
alternate
channel to the
TVWS-SSFE-S.
When 1t
confirms an
alternate
channel
change
request, this
field 1s
unused/ignore
d.

[0177] FIGs. 24 and 25 are block diagrams of other example
architectures 2400 and 2500 for executing spectrum sensing in a DSM
network (e.g., the DSM network 200 of FIG. 2). Both of the architectures 2400
and 2500 include an AP or Home NodeB (Home(e)-NodeB) unit 2420, a
sensing unit 2460 and a CMF 2450. For both of the architectures 2400 and
2500, the AP/Home(e)-NodeB unit 2420 includes the same or similar
components, namely, the AP/Home(e)-NodeB baseband unit 2422 and an
AP/Home(e)NodeB MAC module, which includes a MAC function 2426, a
silent period scheduler 2428 and a CMF-Interface 2430. Further, for both
architectures 2400 and 2500, the AP/Home(e)-NodeB unit 2420 is 1n
communication with the CMF 2450, which includes a bandwidth (BW)
allocation control unit 2440. The BW allocation control unit 2440 is in
communication with a plurality of databases, which may include the TVWS
database (DB) 2442 and a policy DB 2444.

[0178] As 1llustrated in FIGs. 24 and 25, the spectrum sensing
component may be integrated with the converged gateway in two ways. One
way, as illustrated in FIG. 24, 1s for the sensing component to be a complexly
independent sensing platform 2460 that interfaces with the AP or home(e)
node B 2420 and other components through physical interfaces. Here, the
sensing algorithm 2466 may have a dedicated RF component 2462 for itself.

The example illustrated in FIG. 24 also includes a digital down converter 2464
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on the sensing platform 2460 and a separate RF component 2410 for the
AP/Home(e)-NodeB unit 2420. In the type of setup illustrated in FIG. 24,
interference due to leakage from one band into adjacent bands may be
minimized and, thus, the probability of the sensing algorithm to falsely detect
a spectrum as occupied due to leakage may be minimized.

[0179] Another way for the spectrum sensing component to be
integrated with the converged gateway is illustrated in FIG. 25. Here, the
sensing component is on the same platform as the AP or home (e) node B 2420
or on the converged gateway. The interfaces between components may be a
physical bus on the platform. In this example, the sensing platform may
share the same RF component 2510 with the AP or home (¢) NodeB 2420 or
the converged gateway. Thus, adjacent channel interference due to leakage
may still continue to be an issue depending on the transmit power of the
active channel.

[0180] In either of the architectures 2400 or 2500 of FIGs. 24 and 25, the
sensing algorithm may include hardware and software components. The
hardware components may primarily implement wideband sensing and fine
sensing algorithms. The software component may be responsible for
interfacing with the external components and the internal hardware
components and, correspondingly, coordinate system functionality.

[0181] The sensing component 2460 may include three primary parts: a
wideband sensing algorithm, a fine (narrowband) sensing algorithm and
algorithm flow control software. The algorithm flow control software may be
responsible for initiating and scheduling wideband sensing and narrowband
sensing operations, receiving and processing results from them, and
interacting with the silent period scheduler 2428 and the BW allocation
control unit 2440 based on the sensing results.

[0182] The sensing component 2460 may interface with two components
of a DSM engine: the silent period scheduler 2428 in the MAC and the
bandwidth allocation control 2440 in the CMF 2450. The interface between a
sensing toolbox (e.g., 2460) and the silent period scheduler 2428 may
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essentially be to set the silent period start and the corresponding parameters
and to set up asynchronous silent periods by the sensing toolbox.

[0183] A silent period start signal is a periodic synchronous signal to
indicate start, duration, periodicity and spectral frequency parameters to set
up the silent periods. The need for asynchronous silent periods may be
determined by the sensing toolbox and, accordingly, the signal to set up the
silent period and the corresponding parameters, such as duration, periodicity
and spectral frequency parameters, may be signaled.

[0184] The interface between the sensing toolbox and the bandwidth
allocation control unit 2440 may be broadly classified as signals to request
sensing on specific channels and the mode of operation, signals to indicate
silent period requirements, and signals to indicate the sensing results back to
the bandwidth allocation control unit 2440.

[0185] FIG. 26 1s a flow diagram 2600 of an autocorrelation based
spectrum sensing algorithm that may be implemented in, for example, the
spectrum sensing unit 2460 of FIG. 24 or 25. The auto correlation based
spectrum sensing algorithm is a blind sensing algorithm with no knowledge of
the waveform being sensed and i1s based on the fact that any man-made signal
1s inherently correlated in time. The algorithm operates on the baseband I/Q
samples (2610) of each band (one TV band in this example) and estimates the
autocorrelation properties of the buffered samples (2620). The decision rule
may be based on a two level hypothesis test. The following equation shows the
metrics P; and P2 (2630) in terms of the autocorrelation of the input signal
y(n), Ryy, M, which 1s the number of offset autocorrelations being considered,

and vy, the decision threshold.

it :MJ{W © Equation (6)

S1R,0f
B=MYIR,(
=0 ’ Equation (7)

-70-



WO 2012/061383 PCT/US2011/058781

2
A <7
MP,Z
Equation (8)
[0186] If the decision metric exceeds the decision threshold, it may be

inferred that the signal 1s absent (2640). Otherwise, it may be inferred that
the signal is present (2640).
[0187] The fine sensing algorithm may also include an SNR calculation
to give an 1dea of the level of occupancy/interference in the fine sensing
narrow band (2650). The SNR estimate may be made as follows:

SNR Metric Estimate = Total Power Estimate/Noise Power Estimate =

i RXX (O)
i1 NoiseFloor,, Equation (9)

where N 1s the averaging length. Averaging may improve accuracy of the

estimate.
[0188] Embodiments:
[0189] 1. A wireless transmit/receive unit (WTRU) comprising a

transceiver configured to communicate over a wireless link and a radio
frequency (RF) spectrum sensing unit configured to measure information
indicative of usage of a spectrum by other devices.

[0190] 2. The WTRU of embodiment 1, further comprising a
processing unit configured to detect a change in performance of the wireless
link.

[0191] 3. The WTRU of embodiment 2, wherein the processing unit is
further configured to control the transceiver to transmit a notification to a
DSM engine indicating that the change in the performance of the wireless link
was detected on a condition that the processing unit detects the change in
performance of the wireless link.

[0192] 4. The WTRU of embodiment 3, wherein the processing unit is
further configured to receive a sensing task request for the WTRU to measure

the information indicative of the usage of the spectrum by other devices based
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on the notification transmitted to the DSM engine indicating that the change
in the performance of the wireless link was detected.

[0193] 5. The WTRU of any one of embodiments 1-4, wherein the RF
spectrum sensing unit is further configured to measure the information
indicative of the usage of the spectrum by the other devices responsive to the

sensing task request.

[0194] 6. The WTRU of any one of embodiments 1-5, wherein the
transceiver is further configured to transmit results of the measuring to the
DSM engine.

[0195] 7. The WTRU of any one of embodiments 1-6, further

comprising receiving, from the DSM engine, an allocation of spectrum for
communication that is not being used by the other devices.

[0196] 8. The WTRU of any one of embodiments 1-7, wherein the
received sensing task request is included in a sensing configuration message
that includes information for configuring the WTRU to perform the sensing
task.

[0197] 9. The WTRU of embodiment 8, wherein the sensing
configuration message provides information for configuring the WTRU to
perform a single sensing task or a plurality of sensing tasks to be carried out
at periodic time intervals.

[0198] 10. A method 1implemented in a dynamic spectrum
management (DSM) engine, the method comprising allocating spectrum for
use by a plurality of wireless transmit/receive units (WTRUs); and receiving a
notification from one of the plurality of WI'RUs indicating that the one of the
plurality of WTRUs detected a change in performance of a wireless link
corresponding to use of the spectrum by a primary user of the spectrum.

[0199] 11. The method of embodiment 10, further comprising
transmitting a sensing task request to at least one of the plurality of WTRUs
requesting the at least one of the plurality of WTRUs to measure information
indicative of usage of the spectrum by other devices in response to receiving

the notification.
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[0200] 12. The method of embodiment 11, further comprising
receiving sensing results from the plurality of WTRUs at a plurality of
periodic intervals indicating whether information measured at each of the
plurality of periodic intervals indicated that the spectrum was being used by
the other devices at a time that the information was measured.

[0201] 13. The method of embodiment 12, further comprising
determining whether the sensing results provided by the plurality of WTRUs
indicate that two or more of the plurality of WTRUs are correlated with one
another.

[0202] 14. The method of embodiment 13, further comprising selecting
an uncorrelated subset of the plurality of WTRUSs to transmit the sensing task
request to based on results of the determining.

[0203] 15. The method of any one of embodiments 11-14, further
comprising receiving sensing results from each of the at least one of the
plurality of WTRUs to which the sensing task request was sent providing a
decision as to whether the measured information indicated that the spectrum
1s being used by the other devices.

[0204] 16. The method of embodiment 15, further comprising
determining whether the other devices are using the spectrum based at least
on the received sensing results and other information indicating a reliability
of the received sensing results.

[0205] 17. The method of embodiment 16, wherein the other
information includes at least one of an estimated signal-to-noise ratio (SNR)
and a number of samples used in a metric computation.

[0206] 18. The method of any embodiment 16 or 17, wherein the
determining comprises attributing a weight to each of the received sensing
results based on the information indicating the reliability of the received
sensing results.

[0207] 19. The method of embodiment 18, wherein the determining
further comprises combining the received sensing results into an overall

metric using the weight assigned to each of the received sensing results.
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[0208] 20. The method of any one of embodiments 11-19, wherein the
sensing task request 1s transmitted to at least two of the plurality of WTRUs.
[0209] 21. The method of embodiment 20, further comprising
receiving I/Q data samples from the at least two of the plurality of WTRUs.
[0210] 22. The method of embodiment 21, further comprising
determining whether the other devices are using the spectrum based on the
received 1/Q data samples.

[0211] 23. The method of embodiment 22, wherein the determining
whether the other devices are using the spectrum based on the received 1/Q
data comprises computing an average power spectral density (PSD) based on
the received 1/Q data samples.

[0212] 24. The method of embodiment 23, wherein the determining
whether the other devices are using the spectrum based on the received 1/Q
data further comprises determining whether the other devices are using the
spectrum based on the computed average PSD.

[0213] 25. The method of any one of embodiments 22-24, wherein the
determining whether the other devices are using the spectrum based on the
received 1/Q data further comprises computing the average PSD over a
configurable-length time window.

[0214] 26. The method of embodiment 25, wherein a length of the
configurable-length time window depends on at least one of a type of interferer
to be detected by the WTRUs that receive the sensing task request, an amount
of time required to detect the primary user of the spectrum, a mobility of the
WTRUs that receive the sensing task request or a knowledge of a noise level
on a channel.

[0215] 27.  The method of any one of embodiments 22-26, wherein the
determining whether the other devices are using the spectrum based on the
received I/Q data samples comprises estimating autocorrelation properties of
the received 1/Q data samples.

[0216] 28. The method of embodiment 27, wherein the determining

whether the other devices are using the spectrum based on the received 1/Q
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data samples further comprises calculating a decision metric based on the
estimated autocorrelation properties.

[0217] 29. The method of embodiment 28, wherein the determining
whether the other devices are using the spectrum based on the received 1/Q
data samples further comprises determining whether the decision metric
exceeds a decision threshold.

[0218] 30. The method of embodiment 29, wherein the determining
whether the other devices are using the spectrum based on the received 1/Q
data samples further comprises determining that the other devices are using
the spectrum on a condition that the decision metric exceeds the decision
threshold.

[0219] 31. The method of embodiment 29 or 30, wherein the
determining whether the other devices are using the spectrum based on the
received I/Q data samples further comprises determining that the other
devices are not using the spectrum on a condition that the decision metric does
not exceed the decision threshold.

[0220] 32. The method of any one of embodiments 28-31, wherein the

calculating the decision metric is performed based on:

R=MR,(0)

M- 2
B=M3R()
=0 , and
])12
MP,

/4

AVZ4N

2

wherein y(n) i1s an input signal, M 1s a number of offset autocorrelations being
considered and vy 1s the decision threshold.

[0221] 33. The method of any one of embodiments 16-32, further
comprising transmitting at least one new spectrum allocation to at least one of

the plurality of WTRUs on a condition that it is determined that the other
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devices are using the spectrum that was previously allocated to the at least
one of the plurality of WTRUs.

[0222] 34. The method of any one of embodiments 12-33, further
comprising generating sensing objects including information for configuring
hardware of the DSM engine to obtain the sensing results, wherein the
hardware 1s configured differently depending on a content of the information
included in each respective sensing object.

[0223] Although features and elements are described above in particular
combinations, one of ordinary skill in the art will appreciate that each feature
or element can be used alone or in any combination with the other features
and elements. In addition, the methods described herein may be implemented
In a computer program, software, or firmware incorporated in a computer-
readable medium for execution by a computer or processor. Examples of
computer-readable media include electronic signals (transmitted over wired or
wireless connections) and computer-readable storage media. Examples of
computer-readable storage media include, but are not limited to, a read only
memory (ROM), a random access memory (RAM), a register, cache memory,
semiconductor memory devices, magnetic media such as internal hard disks
and removable disks, magneto-optical media, and optical media such as CD-
ROM disks, and digital versatile disks (DVDs). A processor in association
with software may be used to implement a radio frequency transceiver for use

in a WTRU, UE, terminal, base station, RNC, or any host computer.

* * *
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CLAIMS
What 1s claimed:

1. A wireless transmit/receive unit (WTRU) comprising:
a transceiver configured to communicate over a wireless link;
a radio frequency (RF) spectrum sensing unit configured to measure
information indicative of usage of a spectrum by other devices; and
a processing unit configured to:
detect a change in performance of the wireless link,
on a condition that the processing unit detects the change in
performance of the wireless link, control the transceiver to transmit a
notification to a DSM engine indicating that the change in the performance of
the wireless link was detected, and
receive a sensing task request for the WTRU to measure the
information indicative of the usage of the spectrum by other devices based on
the notification transmitted to the DSM engine indicating that the change in

the performance of the wireless link was detected.

2. The WTRU of claim 1, wherein:

the RF spectrum sensing unit is further configured to measure the
information indicative of the usage of the spectrum by the other devices
responsive to the sensing task request, and

the transceiver 1s further configured to transmit results of the

measuring to the DSM engine.
3. The WTRU of claim 1, further comprising receiving, from the DSM

engine, an allocation of spectrum for communication that is not being used by

the other devices.
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4, The WTRU of claim 1, wherein the received sensing task request 1s
included in a sensing configuration message that includes information for

configuring the WTRU to perform the sensing task.

5. The WTRU of claim 4, wherein the sensing configuration message
provides information for configuring the WTRU to perform a single sensing

task or a plurality of sensing tasks to be carried out at periodic time intervals.

6. A method implemented in a dynamic spectrum management (DSM)
engine, the method comprising:

allocating spectrum for use by a plurality of wireless transmit/receive
units (WTRUs);

receiving a notification from one of the plurality of WTRUs indicating
that the one of the plurality of WTRUs detected a change in performance of a
wireless link corresponding to use of the spectrum by a primary user of the
spectrum; and

1n response to receiving the notification, transmitting a sensing task
request to at least one of the plurality of WTRUSs requesting the at least one of
the plurality of WTRUs to measure information indicative of usage of the

spectrum by other devices.

7. The method of claim 6, further comprising receiving sensing results
from the plurality of WTRUs at a plurality of periodic intervals indicating
whether information measured at each of the plurality of periodic intervals
indicated that the spectrum was being used by the other devices at a time that

the information was measured.

8. The method of claim 7, further comprising:
determining whether the sensing results provided by the plurality of
WTRUs indicate that two or more of the plurality of WTRUs are correlated

with one another; and
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selecting an uncorrelated subset of the plurality of WITRUSs to transmit

the sensing task request to based on results of the determining.

9. The method of claim 6, further comprising:

receiving sensing results from each of the at least one of the plurality of
WTRUs to which the sensing task request was sent providing a decision as to
whether the measured information indicated that the spectrum 1s being used
by the other devices; and

determining whether the other devices are using the spectrum based at
least on the received sensing results and other information indicating a

reliability of the received sensing results.

10. The method of claim 9, wherein the other information includes at least
one of an estimated signal-to-noise ratio (SNR) and a number of samples used

1n a metric computation.

11. The method of claim 9, wherein the determining comprises:
attributing a weight to each of the received sensing results based on the
information indicating the reliability of the received sensing results; and
combining the received sensing results into an overall metric using the

welight assigned to each of the received sensing results.

12. The method of claim 8, wherein:
the sensing task request is transmitted to at least two of the plurality of
WTRUs, and the method further comprises:
receiving 1/Q data samples from the at least two of the plurality
of WTRUs; and
determining whether the other devices are using the spectrum

based on the received I/Q data samples.
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13.  The method of claim 12, wherein the determining whether the other
devices are using the spectrum based on the received I/Q data comprises:
computing an average power spectral density (PSD) based on the
received I/Q data samples; and
determining whether the other devices are using the spectrum based on

the computed average PSD.

14. The method of claim 13, wherein the determining whether the other
devices are using the spectrum based on the received 1/Q data further
comprises computing the average PSD over a configurable-length time

window.

15. The method of claim 14, wherein a length of the configurable-length
time window depends on at least one of a type of interferer to be detected by
the WTRUs that receive the sensing task request, an amount of time required
to detect the primary user of the spectrum, a mobility of the WTRUs that

receive the sensing task request or a knowledge of a noise level on a channel.

16. The method of claim 12, wherein the determining whether the other
devices are using the spectrum based on the received 1/Q data samples
comprises:

estimating autocorrelation properties of the received I/Q data samples;

calculating a decision metric based on the estimated autocorrelation
properties;

determining whether the decision metric exceeds a decision threshold;

on a condition that the decision metric exceeds the decision threshold,
determining that the other devices are using the spectrum; and

on a condition that the decision metric does not exceed the decision

threshold, determining that the other devices are not using the spectrum.
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17.  The method of claim 16, wherein the calculating the decision metric is

performed based on:
R =MR (0)

M- ‘ 2
B=MY|R,()
=0 , and
])12
MP,

S
wherein y(n) 1s an input signal, M 1s a number of offset autocorrelations being

considered and vy 1s the decision threshold.

18. The method of claim 11, further comprising transmitting at least one
new spectrum allocation to at least one of the plurality of WIRUs on a
condition that it is determined that the other devices are using the spectrum

that was previously allocated to the at least one of the plurality of WTRUs.

19. The method of claim 7, further comprising generating sensing objects
including information for configuring hardware of the DSM engine to obtain
the sensing results, wherein the hardware 1s configured differently depending

on a content of the information included in each respective sensing object.
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