wo 2010/028307 A1 I 10K 0 V00 OO

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(10) International Publication Number

WO 2010/028307 A1l

(19) World Intellectual Property Organization /’@?‘?’3\
International Bureau v{ 0
al
(43) International Publication Date \'{_5___,/
11 March 2010 (11.03.2010) PCT
(51) International Patent Classification:
HO04W 4/00 (2009.01)
(21) International Application Number:
PCT/US2009/056126
(22) International Filing Date:
4 September 2009 (04.09.2009)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
61/094,394 4 September 2008 (04.09.2008) US
61/094,594 5 September 2008 (05.09.2008) US
61/094,611 5 September 2008 (05.09.2008) US
61/094,584 5 September 2008 (05.09.2008) US
61/094,546 5 September 2008 (05.09.2008) US
61/094,591 5 September 2008 (05.09.2008) US
61/095,298 8 September 2008 (08.09.2008) US
61/095,310 9 September 2008 (09.09.2008) US
61/103,106 6 October 2008 (06.10.2008) US
61/111,384 5 November 2008 (05.11.2008) US
61/112,131 6 November 2008 (06.11.2008) US
61/118,232 26 November 2008 (26.11.2008) US
61/121,169 9 December 2008 (09.12.2008) US
12/418,363 3 April 2009 (03.04.2009) US

(71) Applicant (for all designated States except US): POW-
ERWAVE COGNITION, INC. [US/US]; 21 Continen-
tal Boulevard, Merrimack, NH 03054 (US).

72
(73)

Inventor; and

Inventor/Applicant (for US only): COPELAND, Grego-
ry, C. [US/US]; 7217 Family Farm Road, Plano, TX
75034 (US).

Agents: NORTRUP, John, H. et al.; Strategic Patents,
P.C., C/o Intellevate, P.O. Box 52050, Minneapolis, MN
55402 (US).

74

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,
TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

[Continued on next page]

(54) Title: WAVEFORM FOR USE IN MOBILE AD HOC NETWORKS

1 DEPARTING

(57) Abstract: A waveform and related
devices and methods are disclosed for dy-
namic use of an air interface in a mobile
ad hoc network The waveform includes a

dual preamble sequence enclosing self-

discovery data that characterizes modula-
tion for a subsequent data signal The

preamble is designed so that the circular

correlation of the preamble sequence with
itself is an impulse, and the first preamble

sequence is a complex conjugate of the
second preamble sequence The preamble

E 114 NEW SD z
SD
110
sD
sb 110
110 /
BAP
SD | —" 130
110

130

BAP
130

EDGE ROUTER 160

CORE NETWORKS
150

152

CORE NETWORKS

sequence can be used to bound a data
packet on both sides so that detection of
the impulse yields a window in which a
data packet can be located, while the self
discovery data provides information to
extract the data signal from the wireless
waveform In one aspect, the preamble
may be implemented using a CHIRP se-
quence that is a perfect square for more
efficient implementation in a wireless
modem.

FIG. 1



WO 2010/028307 A1 I 0000 )00 N0 00 O

TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, Published:

ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV, .y .

MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK, SM. with international search report (Art. 21(3))
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,

ML, MR, NE, SN, TD, TG).



WO 2010/028307 PCT/US2009/056126

WAVEFORM FOR USE IN MOBILE AD HOC NETWORKS
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BACKGROUND

[0005] A mobile ad hoc network (“MANET”) may include any number of mobile
devices or “nodes” in wireless communication with one another. An ad hoc network generally
does not use any centralized management, with nodes operating autonomously to establish
neighborhoods and communication links among nodes. Where these nodes include the capability
to adapt signal characteristics to radio frequency conditions, there remains a need for improved

techniques to permit communication of autonomously selected signal characteristics to receiving
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nodes.

SUMMARY

[0006] A waveform and related devices and methods are disclosed for dynamic use of
an air interface in a mobile ad hoc network. The waveform includes a dual preamble sequence
enclosing self-discovery data that characterizes modulation for a subsequent data signal. The
preamble is designed so that the circular correlation of the preamble sequence with itself is an
impulse, and the first preamble sequence is a complex conjugate of the second preamble
sequence. The preamble sequence can be used to bound a data packet on both sides so that
detection of the impulse yields a window in which a data packet can be located, while the self
discovery data provides information to extract the data signal from the wireless waveform. In
one aspect, the preamble may be implemented using a CHIRP sequence that is a perfect square
for more efficient implementation in a wireless modem. In addition, CHIRP sequences for
different nodes can be generated with low cross-correlation to reduce interference among nodes
in the MANET. The preamble may also support channel sounding or equalization to reverse
amplitude or phase distortion in a channel.

[0007] Various methods, techniques, apparatus and the like are described to facilitate
waveform usage in mobile ad hoc networks. In embodiments, a method is disclosed herein of
communicating from a node in a mobile ad hoc network comprising: identifying a preamble
sequence that corresponds to the node, wherein the preamble sequence is constructed to be
orthogonal to other preamble sequences corresponding to other nodes of the mobile ad hoc
network, wherein the preamble sequence has an ideal auto-correlation property, and wherein the
preamble sequence is symmetric in both a real part of the preamble sequence and a complex part
of the preamble sequence; identifying self-discovery data that encodes a signal characteristic
with which a data signal will be transmitted to a second node; and transmitting the preamble
sequence followed by the self-discovery data to the second node in an initial transmission. The
signal characteristic may include one or more of a signal format characteristic, a network
characteristic, and a content characteristic. In some embodiments, the method may further
comprise transmitting a second preamble sequence to the second node after transmitting the self-
discovery data and before transmitting the data signal. The second preamble sequence may be a

complex conjugate of the preamble sequence. In some embodiments the method may further
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comprise transmitting the data signal after the initial transmission. The preamble sequence may
be orthogonal to the data signal. In some embodiments, the method may further comprise
transmitting the preamble sequence at a higher power level than the data signal. The initial
transmission may include a guard time block and an automatic gain control block. The initial
transmission may consist of a plurality of guard time blocks, a plurality of automatic gain control
blocks, the preamble sequence, the self-discovery data, and a second preamble sequence. In
some embodiments, the method may further comprise transmitting the initial transmission and
the data signal on a first frequency segment; transmitting a second initial transmission including
a second preamble sequence and second self-discovery data and a second data signal, wherein
the second initial transmission and second data signal are each transmitted on a second frequency
segment, and wherein both the self-discovery data and the second self-discovery data include
instructions for combining the data signal and the second data signal. The preamble sequence
may include a generalized chirp-like sequence. The generalized chirp-like sequence may be of
the form: S,(k) = exp[-i 2zu k(k+1)/2Ng] when k is odd, and S,(k) = exp[-i 27zu k*/2Ns] when k is
even, where i° = -1, and u, Ng are integers and £ is odd, and v and Ng are coprime. Ng may be a
perfect square.

[0008] In embodiments, a method of communicating from a node in a mobile ad hoc
network is disclosed comprising: identifying a preamble sequence that is used at a plurality of
nodes of the mobile ad hoc network, wherein the preamble sequence is constructed to be
orthogonal to any time-shifted copy of itself, wherein the preamble sequence has an ideal auto-
correlation property, and wherein the preamble sequence is symmetric in both a real part of the
preamble sequence and a complex part of the preamble sequence; identifying self-discovery data
that encodes a signal characteristic with which a data signal will be transmitted to one of the
plurality of nodes; and transmitting the preamble sequence followed by the self-discovery data in
an initial transmission.

[0009] In embodiments, a method of receiving a wireless communication is disclosed
comprising: receiving an initial transmission at a node in a mobile ad hoc network, the initial
transmission including a preamble sequence corresponding to a second node in the mobile ad hoc
network, wherein the preamble sequence is constructed to be orthogonal to other preamble
sequences that correspond to other nodes of the mobile ad hoc network; wherein the preamble

sequence has an ideal auto-correlation property; and wherein the preamble sequence is
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symmetric in both a real part of the preamble sequence and a complex part of the preamble
sequence, the initial transmission further including self-discovery data that encodes a signal
characteristic with which a data signal will be transmitted to the node; and based on the signal
characteristic, receiving the data signal. In some embodiments, the method may further comprise
using the preamble sequence for a channel equalization. The channel equalization may include
estimating a channel impulse response. The channel equalization may include computing
equalization coefficients. In some embodiments, the method may further comprise detecting
packets based upon the preamble sequence. In some embodiments, the method may further
comprise channel sounding with the preamble sequence. Channel sounding may decouple from
the data signal.

[0010] In embodiments, a computer readable medium may bear instructions that,
when executed, cause a processor in a mobile ad hoc network to: identify a preamble sequence
that: corresponds to a first node in the mobile ad hoc network; is constructed to be orthogonal to
other preamble sequences corresponding to other nodes of the mobile ad hoc network; has an
ideal auto-correlation property; is symmetric in both a real part of the preamble sequence and a
complex part of the preamble sequence; identify self-discovery data that encodes a signal
characteristic with which a data signal will be transmitted to a second node in the mobile ad hoc
network; and transmit the preamble sequence followed by the self-discovery data to the second
node in an initial transmission. The signal characteristic may be selected from the group
consisting of: signal format characteristics, network characteristics, and content characteristics.
The instructions may also include instructions for transmitting a second preamble sequence to
the second node after transmit the self-discovery data. The second preamble sequence may be
equal to the complex conjugate of the preamble sequence. The instructions may also include
instructions for transmitting the data signal after the initial transmission. The preamble may be
orthogonal to the data signal. The preamble may be transmitted at a higher power level than the
data signal. The initial transmission may include a guard time block, an automatic gain control
block, self-discovery data, and the preamble. The initial transmission may consist of a plurality
of a guard time blocks, automatic gain control blocks, self-discovery data, and the preamble. The
initial transmission and the data signal may be transmitted on a first frequency segment, the
method further comprising transmit a second initial transmission including a second preamble

sequence and second self-discovery data and a second data signal, wherein the second initial
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transmission and second data signal are each transmitted on a second frequency segment, and
wherein both the self-discovery data and the second self-discovery data include instructions for
combining the data signal and the second data signal.

[0011] In embodiments, a computer readable medium bearing instructions is
disclosed that, when executed, may cause a processor in a mobile ad hoc network to: identify a
preamble sequence that: is used at every node of the mobile ad hoc network; is constructed to be
orthogonal to any time-shifted copy of itself; has the ideal auto-correlation property; and is
symmetric in both a real part of the preamble sequence and a complex part of the preamble
sequence; and identify self-discovery data that encodes a signal characteristic with which a data
signal will be transmitted to a second node in the mobile ad hoc network; and transmit the
preamble sequence followed by the self-discovery data to the second node in an initial
transmission.

[0012] In embodiments, a computer readable medium bearing instructions is
disclosed that, when executed, may cause a processor in a mobile ad hoc network to: receive, in
an initial transmission from a first node in a mobile ad hoc network: a preamble sequence that:
corresponds to the first node of the mobile ad hoc network; is constructed to be orthogonal to
other preamble sequences that correspond to other nodes of the mobile ad hoc network; has the
ideal auto-correlation property; is symmetric in both a real part of the preamble sequence and a
complex part of the preamble sequence; and self-discovery data that encodes a signal
characteristic with which a data signal will be transmitted from a second node in a mobile ad hoc
network; and based on the signal characteristic, receive the data signal. The instructions may also
include instructions for using the preamble for channel equalization. The instructions may also
include instructions for using the preamble for packet detection. The instructions may also
include instructions for using the preamble for channel sounding.

[0013] In embodiments, a node in a mobile ad hoc network is disclosed, comprising;:
a data source; a radio; and a processor configured to: receive a data signal from the data source;
provide a preamble sequence, wherein the preamble sequence corresponds to the node of the
mobile ad hoc network; wherein the preamble sequence is constructed to be orthogonal to other
preamble sequences corresponding to other nodes of the mobile ad hoc network; wherein the
preamble sequence has an ideal auto-correlation property; and wherein the preamble sequence is

symmetric in both a real part of the preamble sequence and a complex part of the preamble



WO 2010/028307 PCT/US2009/056126

sequence; provide self-discovery data wherein the self-discovery data encodes a signal
characteristic; transmit the preamble sequence and the self-discovery data; and modulate the data
signal according to the signal characteristic to provide a modulated data signal; and transmit the
modulated data signal. The signal characteristic may include one or more of a signal format
characteristic, a network characteristic, and a content characteristic. The processor may includes
an integrated circuit. The integrated circuit may be configured to operate in a time-division
duplexed state. The processor may include an application-specific integrated circuit. The signal
characteristic may be selected from the group consisting of: signal format characteristics,
network characteristics, and content characteristics. The processor may be further configured to
transmit a second preamble sequence to the second node after transmitting the self-discovery
data. The second preamble sequence may be equal to the complex conjugate of the preamble
sequence. The processor may be further configured to transmit the data signal after the initial
transmission. The preamble may be orthogonal to the data signal. The preamble may be
transmitted at a higher power level than the data signal. The initial transmission may include a
guard time block, an automatic gain control block, self-discovery data, and the preamble. The
initial transmission may consist of a plurality of a guard time blocks, automatic gain control
blocks, self-discovery data, and the preamble. The initial transmission and the data signal may be
transmitted on a first frequency segment, the method further comprising transmitting a second
initial transmission including a second preamble sequence and second self-discovery data and a
second data signal, wherein the second initial transmission and second data signal are each
transmitted on a second frequency segment, and wherein both the self-discovery data and the
second self-discovery data include instructions for combining the data signal and the second data
signal.

[0014] In embodiments, a node in a mobile ad hoc network is disclosed comprising: a
radio; and a processor configured to: receive an initial transmission from the radio; demodulate
the initial transmission, thereby creating encoded data; identify a preamble sequence in the
encoded data, wherein the preamble sequence corresponds to a sending node in the mobile ad
hoc network, wherein the preamble sequence is constructed to be orthogonal to other preamble
sequences corresponding to other nodes of the mobile ad hoc network; wherein the preamble
sequence has an ideal auto-correlation property; and wherein the preamble sequence is

symmetric in both a real part of the preamble sequence and a complex part of the preamble
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sequence; identify self-discovery data in the encoded data, the self-discovery data indicating a
signal characteristic for a data signal in a second transmission; receive the second transmission;
and demodulate a data signal from the second transmission according to the signal characteristic.
The processor may include an integrated circuit. The integrated circuit may be configured to
operate in a time-division duplexed state. The integrated circuit may be configured to modulate
the encoded data, thereby creating modulated data, and cause the radio to transmit the modulated
data to the second node of the mobile ad hoc wireless network. The integrated circuit may
include an application-specific integrated circuit. The processor may be further configured to use
the preamble for channel equalization. The processor may be further configured to estimate a
channel impulse response. The processor may be further configured to compute equalization
coefficients. The processor may be further configured to use the preamble for packet detection.
The processor may be further configured to use the preamble for channel sounding.

[0015] Other aspects include other combinations of the features recited above and other
features, expressed as methods, apparatus, systems, program products, and in other ways.
Various features, aspects, and advantages of various embodiments will become more apparent

from the following further description.

BRIEF DESCRIPTION OF THE DRAWINGS
[0016] The invention and the following detailed description of certain some
embodiments thereof may be understood by reference to the following figures wherein:
[0017] Fig. 1 is a block diagram of a Mobile Ad Hoc Network (MANET).
[0018] Fig. 2 is a block diagram of a node in a wireless ad hoc network.
[0019] Fig. 3 shows a transmission packet for communicating in a wireless network
including an overhead block and an FEC block.
[0020] Fig. 4 shows an overhead block.
[0021] Fig. 5 shows an FEC block.
[0022] Fig. 6 is a flowchart for transmitting data from a node in a MANET.
[0023] Fig. 7 is a flowchart for receiving data at a node in a MANET
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DETAILED DESCRIPTION

[0024] Fig. 1 shows a Mobile Ad Hoc Network (MANET). In general, a MANET 100
(also referred to generally herein as a network 100) may include any combination of subscriber
devices 110, access points 120, and backhaul access points 130 (for coupling to a core network
150 such as the Internet), all generally interconnected to one another as shown for example in
Fig. 1. A network 100 need not include access points 120, backhaul access points 130, or be
coupled to a core network 150. In general, any of the devices on the network 100 may be mobile,
although commonly only the subscriber devices 110 are mobile. It will be understood that the
device-to-device links illustrated in Fig. 1 are for purposes of illustration only, and in no way are
intended to limit the nature or number of links between devices in the network 100. Such links
may be created, removed, and/or modified over time according to any available protocol(s)
followed by any of the devices within the network 100. In general, the links among devices or
components within the network 100 are wireless links, although wired links may optionally be
employed in various locations such as between the backhaul access point 130 and the core
networks 150. In order to maintain the network 100, typically one or more protocols are shared
among the participating devices to control creation, removal, and modification of individual data
links between devices, and to route traffic and control information among the devices. The term
protocol as used herein generally refers to any and all such rules, procedures, and/or algorithms
used in maintaining the network 100, unless a specific protocol is explicitly stated or otherwise
clear from the context.

[0025] Subscriber devices 110 may include any general purpose nodes participating in
the network 100 according to suitable protocols. Subscriber devices 110 may, for example,
include terminal nodes that send or receive data. Subscriber devices 110 may also or instead
suitably be employed as intermediate nodes to route traffic to and from other subscriber devices
110. Thus an ad hoc network as described herein is generally extensible, and as new subscriber
devices 110 appear within the network 100, they may form a part of the network fabric that
routes traffic among other nodes.

[0026] A new subscriber device 112 may be introduced to the network 100 with new
links 114 being added as the new subscriber device 112 is detected. Devices may also
periodically leave the network 100 such as a departing subscriber device 116. As the departing

subscriber device 116 leaves the network, links 118 between the departing subscriber device 116
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and other subscriber devices 110, access points 122, stationary devices 170, backhaul access
points 130, and/or other devices may be severed. This may occur, for example when a device
moves beyond geographical boundaries of the network 100, when devices in the network are
turned off (or their wireless or networking capabilities are suspended), or when a hardware or
software malfunction occurs. The network 100 may detect new and/or departing devices and/or
links in order to maintain substantially continuous connectivity for devices in the network 100.
Such detection may occur in either a centralized manner or a distributed manner.

[0027] In general, a subscriber device 110 may include any network or computing device
that includes a network interface (e.g., a wireless interface), network protocol stack(s), and the
like adapted to participate in the network 100. The Internet Protocol (“IP”’) may usefully be
employed in subscriber devices 110 within the network 100 in order to use well-established
addressing schemes and the like. A subscriber device 110 may include without limitation a
cellular phone, personal digital assistant, wireless electronic mail client, laptop computer,
palmtop computer, desktop computer, video device, digital camera, electrical instrument, sensor,
detector, display, media player, navigation device, smart phone, wireless networking card,
wireless router (e.g., for a local WiFi network), storage device, printer, or any other device that
might usefully participate in a network. In some embodiments subscriber devices may include a
GPS receiver providing a position and timing reference. In some embodiments, each subscriber
device 110 may be authenticated and/or authorized before being granted access to the network
100.

[0028] Access points 120 may be provided to establish a permanent or otherwise
generally stable infrastructure to the network 100. An access point 120 may be fixed in location
or may be limited in the amount that it can move. One or more of the access points 120 may be
mobile access points 122 that can freely move within the network 100. The access points 120
may employ identical network functionality and protocol stacks as the subscriber devices 110
described above. The access points 120 may also or instead encapsulate different functionality
consistent with a more specialized role in the network 100. In one aspect, the access points 120
may have no associated computing device that originates or consumes network traffic. That is,
the access points 120 may simply form a mesh of participants in the network 100 and relay
traffic among other network participants. An access point 120 may also include a physical

connection to a power infrastructure so that it may be physically installed at a location and
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operate autonomously without requiring regular maintenance for battery changes and the like. In
another aspect, access points 120 may include some minimal supplemental circuitry related to,
e.g., status and diagnostics, or for receiving software updates and the like. By arranging a
spanning network of access points 120 network continuity may be improved in areas where
subscriber devices 110 are not present or are not expected to be present with any regularity. In
some embodiments an access point 120 may be of a size and weight making it suitable for
mounting and/or concealment in a variety of locations including indoor and outdoor locations,
and including mounting on walls, floors, ground, ceilings, roofs, utility poles, and so forth.

[0029] Each access point 120 may include or utilize a timing reference such as any of the
Network Timing Protocols described in RFC 778, RFC 891, RFC 956, RFC 958, RFC 1305,
RFC 1361, RFC 1769, RFC 2030, and RFC 4330, all published by The Internet Engineering
Task Force. Each access point may also, or instead, include a GPS receiver providing a position
and timing reference, or any other open or proprictary timing system may be employed.

[0030] In some embodiments, the access points 120 may have a greater transmit power
and/or a greater antenna gain than mobile subscriber devices 110, thus providing greater physical
coverage than some other devices within the network 100.

[0031] The network 100 may include one or more backhaul access points 130 that
generally operate to connect nodes within the network 100 to a core network 150 such as the
Internet. A core network 150 may be a fixed network or may be an infrastructure network. On
one interface, a backhaul access point 130 may have a wireless radio interface, protocol stack(s)
and other components of other nodes within the network 100. On another interface, the backhaul
access point 130 may provide any suitable interface to the core network 150. The backhaul
access point 130 may, for example, be deployed at a fiber access point or the like that provides
high-speed data capacity for Internet traffic or the like. For example and without limitation, the
fiber access point may include a Gig-E router site or an OC-3/12 add-drop multiplexer site. In an
embodiment the backhaul access point 130 may include two Gig-E interfaces for backhaul
connections. It will be understood that any number and variety of suitable interfaces for backhaul
connections may be usefully employed with a backhaul access point 130 as described herein.

[0032] A backhaul access point 130 may serve multiple access points 120 within the
network 100, and may distribute network load across those access points. Alternatively, a single

backhaul access point 130 may serve a single access point 120. The number of access points 120
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served by a backhaul access point 130 may depend on various factors such as the amount of
intra-MANET traffic and extra-MANET traffic, the nature and direction of multicast versus
unicast data, and so forth. This association between backhaul access points 130 and access points
120 may change from time to time depending on the presence of other subscriber devices 110
within the areca, network conditions, network traffic demands, and so forth. In some cases or
under some operating conditions, an access point 120 may be associated with more than one
backhaul access point 130.

[0033] An edge router 160 may be included between the core network 150 and one or
more backhaul access points 130. The edge router 160 may facilitate routing between the
network 100 and the core networks 150. The core networks 150 may be connected through an
edge router 160 to a backhaul access point 130 or may be directly connected to a backhaul access
point 130 without going through the edge router 160. More than one edge router 160 may be
used to contact multiple backhaul access points 130. In some embodiments one edge router may
contact multiple backhaul access points 130. The edge router 160 may include any devices or
systems for maintaining connectivity between the network 100 and the core networks 150, and
may further support or enhance network activity within the network 100. For example, the edge
router 160 may include an industry standard and/or proprietary Address Resolution Protocol
server, an application server, a Virtual Private Network server, a Network Address Translation
server, a firewall, a Domain Name System server, a Dynamic Host Configuration Protocol
server, and/or an Operations, Administration, Maintenance and Provisioning server, and the like,
as well as any combination of the foregoing. These various components may be integrated into
the edge router 160, or may be provided as separate (physical and/or logical) systems that
support operation of the edge router 160. These supporting systems may in general support
operations such as broadband Internet connectivity within the network 100, broadcast
communications crossing between the network 100 and the core networks 150, and so forth, as
well as the use of multiple backhaul access points 130 to efficiently route inter-MANET (and/or
intra-MANET) traffic among subscriber devices 110.

[0034] The core networks 150 may include any network resources outside the network
100. As shown in Fig. 1, there may be any number of different core networks, which may for
example include a second core network 152 connected to the network 100 through a backhaul

access point 130. The second core network 152 may be wholly independent from the core
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network 150, or may connect to the core network 150 through a fixed or other type of network.
The core networks 150 may connect disparate, geographically remote and/or local instances of
the network 100 to form a single network. The core networks 150 may include any and all forms
of IP networks, including LANs, MANs, WANSs, and so on. The core networks 150 may also or
instead include the public Internet, the Public Switched Telephone Network, a cellular
communications network, or any other network or combination of networks for data traffic,
voice traffic, media broadcasting, and so forth. In other embodiments the core networks 150 may
consist exclusively of a single zone of administrative control, or a number of zones of
administrative control, or some combination of an administrative zone and any of the foregoing.

[0035] The stationary device 170 may include any subscriber device 110 that, for
whatever reason, does not physically move within the network 100. In general, such fixed
physical points within the network 100 may provide useful routing alternatives for traffic that
can be exploited for load balancing, redundancy, and so forth. This may include, for example, a
fixed desktop computer within the network 100.

[0036] Communication within the network 100 may be accomplished via protocols,
referred to collectively herein as the MANET Wireless Protocol (MWP). In general, any of the
nodes above that participate in the network 100 according to the MWP may include a hardware
platform enabling radio software and firmware upgrades, which may include for example a
dedicated or general purpose computing device, memory, digital signal processors, radio-
frequency components, an antenna, and any other suitable hardware and/or software suitable for
implementing the MWP in participating nodes.

[0037] In some embodiments, any of the foregoing devices such as one of the access
points 120 may also include an adapter for other networks such as an Ethernet network adapter
or equivalent IP network adapter, router, and the like, so that non-MANET equipment can
participate in the network 100 through the device. It will also be appreciated that, while
connections to core networks 150, 152 are shown, this connection is optional. A network 100
(with or without access points 120) may be maintained independently without connections to any
other networks, and may be usefully employed for the sole purpose of trafficking data among
subscriber devices 110.

[0038] Fig. 2 is a block diagram of a node in a wireless ad hoc network such as the

MANET described above. The node may be any of the devices described above, such as a
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subscriber device, access point, or backhaul access point. In general the node 200 may include
data sources 202, a data link 204, a signal processor 206, a radio 208, data queues 210, routing
information 212, and neighborhood information 214. It will be understood that the following
description is general in nature, and that numerous arrangements of processing, storage, and
radio frequency hardware may be suitably employed to similar affect. This description is
intended to outline certain operations of a MANET node relevant to the systems and methods
described herein, and in no way limits the invention to the specific architecture shown in Fig. 2.
[0039] The data sources 202 may include any applications or other hardware and/or
software associated with the node 200. This may include, for example, programs running on a
laptop or other portable computing device, a web server or client, a multimedia input and/or
output sources such as a digital camera or video, and so forth. More generally any device, sensor,
detector, or the like that might send or receive data may operate as a data source 202 in the node
200. It will be further understood that some nodes such as access points 104 may not have
independent data sources 202, and may function exclusively as MANET 100 network elements
that relay data among other nodes and/or provide network stability as generally described above.
[0040] The data link 204 may include hardware and/or software implementing data link
layer functionality such as neighbor management, segmentation and reassembly of data packets,
Quality of Service (QoS) management, data queue servicing, channel access, adaptive data rates,
and any other suitable data link functions. In general, the data link 204 controls participation of
the data sources 202, and more generally the node 200, in a MANET. It will be understood that
the data link 204 in Fig. 2 may implement any number of lower layer (e.g., physical layer) or
higher layer (e.g., routing, transport, session, presentation, application) protocols from a
conventional Open Systems Interconnection (OSI) Model, or any such protocols and related
functions may be implemented elsewhere within the node 200, such as in an IP stack executing
on the data source 202, or in firmware within the signal processor 206 or radio 208, or in
additional functional blocks not depicted in Fig. 2. For example, routing protocols may be
implemented within hardware/software of the data link 204 in order to ensure that nodes in the
MANET 100 share appropriate routing functions. Thus it will be appreciated that while the
certain elements discussed herein might suitably be placed within the data link layer of a formal

protocol stack, the systems and methods of this disclosure might also or instead be implemented
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with variations to a conventional protocol stack, or without any formal protocol stack
whatsoever.

[0041] The data link 204 may include a link manager that collects neighbor information
from the data link layer, and may form and maintain the neighborhood information 214 for the
node 200. This table may be used to establish routes to neighbors, and may be updated
periodically with information from one and two hop neighbors as described further below. The
link manager may monitor statistics on all active links for a node on a link-by-link basis in order
to support link quality calculations and other functions described herein. The term metadata is
used herein to generally refer to the neighborhood information 214 for the node 200 or any other
information characterized one or more nodes, data links, or other network characteristics that
might be shared among nodes to describe the network in which nodes are participating and
communicating. In general, the metadata includes at least one item of metadata, although any
number of metadata items might be usefully employed according to the number of nodes in a
neighborhood and the amount of information to be exchanged among nodes.

[0042] The signal processor 206 may include any signal processing circuitry,
microprocessor or other processor, and generally provides waveform processing, timing
functions, and other control and processing operations associated with transceiving data at the
node 200. This may include, for example, network timing, time-slot and/or frame-based
waveform configuration, maintenance of one or more families of Orthogonal Frequency Division
Multiplexing waveform modes (or other transmit mode waveforms), receiver detection of
waveform modes, error correction coding, and so forth. In general, the signal processor 206 may
be implemented in any suitable combination of digital signal processors, field programmable
gate arrays, application-specific integrated circuits, microprocessors, or other general or special-
purpose computing devices, as well as combinations of the foregoing, all of which are referred to
as a processor herein.

[0043] In general, the signal processor 206, data link 204, and data sources 202, may be
realized as any one or more processors or other programmable devices described herein, and a
processor is intended to refer generally to any and all of the foregoing unless a different meaning
is explicitly provided or otherwise clear from the context. Such a processor, may, for example,
be programmed to implement the waveform-related inventions described below, and to

coordinate data sources, memory, a radio the like in performing any related methods.
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[0044] In one embodiment, a family of Orthogonal Frequency Division Multiplexing
(OFDM) waveforms may be employed for adaptive data rate communications. The modes of the
OFDM waveforms may, for example, include 7.2 MHz Quadrature Phase-Shift Keying (QPSK),
4.8 MHz QPSK, 2.4 MHz QPSK, 1.2 MHz QPSK, 1.2 MHz Binary Phase-Shift Keying (BPSK),
or the like. The effective data rate for transmit waveforms may be affected by other parameters
such as error correction. In order to facilitate implementation of an adaptive rate system, the
transmit modes may be organized into an ordered list of monotonically increasing data rates
matched to correspondingly decreasing signal robustness, thus permitting unique mapping of link
quality to transmit mode. In one aspect, the actual waveform mode selected to transmit data on a
link may be adaptively selected according to any suitable evaluation of link quality for links to
neighboring nodes.

[0045] The radio 208 in general operates to transmit data from the data queue(s) 210, as
organized and encoded by the data link 204 and the signal processor 206 (along with any control
information, packet header information, and so forth), over a wireless air interface to other nodes
in a MANET, and to perform complementary data reception. The radio 208 may include any
radio frequency analog circuitry and the like, and may be coupled to the signal processor 206
which converts data and control information between a digital representation used within the
node 200, and an analog representation used in radio frequency communications with other
nodes. In embodiments, a low power radio 208 may be employed, such as where the node 200 is
a battery-powered mobile device. In other embodiments, a high-power radio 208 may be
employed, such as where the node 200 is an access point or backhaul access point connected to a
fixed power infrastructure. In an embodiment, the radio 208 and signal processor 206 provide
adaptive data rate coding capable of changing transmit modes, error correction, and the like
according to measured link quality.

[0046] In one aspect, where the node 200 operates in a half-duplex (or other time-
division duplex) state, a single radio 208 (or single tuner or heterodyne within the radio) may be
usefully employed for both transmit and receive functions. Thus the “processor’ described herein
may include an integrated circuit that operates in a time-division duplex state to share resources
between transmit and receive hardware.

[0047] The data queue(s) 210 may include any data for transmission from the node 200.

This may include, for example, data from the data sources 202, data that is relayed by the node
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200 from other nodes in the MANET, and/or control information scheduled for transmission
within data packets from the node 200. The data queue(s) 210 may be organized in any suitable
fashion, and may include a single first-in-first-out queue, multiple queues, prioritized queues,
and the like. In one embodiment, the node 200 may include multiple prioritized queues to assist
in providing various service levels, such as for QoS traffic. In general, data in the data queue(s)
210 is delivered according to any suitable queuing mechanism to the data link 204, signal
processor 206, and radio 208 for transmission within the MANET.

[0048] Routing information 212 such as a routing or forwarding table may be provided to
support routing functions by the node 200. In general, this may include, for example, a
destination address or identifier, a cost of a path to the destination (using any suitably cost
calculation), and a next hop on that path. Other information such as quality of service and other
metrics for various routes and links may also be provided for more refined routing decisions.

[0049] Neighborhood information 214 may be maintained in a database, flat file, routing
table, or other suitably organized volatile or non-volatile storage within the node 200. The
neighborhood information 214 generally supports the creation and maintenance of the MANET
as well as routing functions of each MANET node. Within the MANET, each node may interact
with other nodes to autonomously identify and maintain local network connections, shift
capacity, dynamically form routes throughout the network, and so on. The routing functions of
the node (as supported by the neighborhood information 214) may accommodate delay-sensitive
(e.g. voice) traffic, delay-tolerant traffic with quality of service (QoS) prioritization, and so on.

[0050] The neighborhood information 214 may include an identification of neighboring
nodes along with information relating to those nodes. This may include one-hop neighbors (i.e.,
neighboring nodes in direct wireless communication with the node 200), two-hop neighbors (i.e.,
neighboring nodes that communicate with the node 200 through only one other node), or any
other nodes or participants within the MANET. In one aspect, neighborhood information 214
includes link quality information for the radio 208, which may be obtained from any
combination of physical layer and data link data, and may be employed to adapt the data rate of
communications according to currently present channel conditions. The neighborhood
information may also include QoS data used to select next hops for QoS data. Other useful
information may include bandwidth utilization, node weights, node position (either logical or

physical), and queue latency for each QoS type and/or other priority type.
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[0051] In one aspect, the neighborhood information 214 may be gathered during periodic
exchanges (such as during control transmissions) with neighboring nodes, which may occur
under control of the link manager of the data link 204. For example, the node 200 may determine
output bandwidth (i.c., data transmit requirements) for each link that the node 200 has with a
neighbor, and may transmit this to one-hop neighbors. Similarly, the node 200 may receive
output bandwidth from each one-hop neighbor. Using this data, ecach node 200 may further
calculate its own input bandwidth (i.e., data receive requirements) from each link to a
neighboring node, and this information may in turn be exchanged with one-hop neighbors.
Following a system-wide exchange with one-hop neighbors, the node 200 (and every other node
in the MANET) may calculate a node weight that represents relative output requirements for the

node 200. For example, the node weight, W, may be calculated as:

BW
W= [Eq. 1]
BB WOM[ + B va

where BWout is the total output or transmit requirements for each link of the node 200, and
BWin is the total input or receive requirements for each link of the node 200. Finally, the node
200 may transmit the node weight to each neighboring node, and may in turn receive a node
weight from each neighboring node. It will be appreciated that the node weight, W, may be
further processed for use with other neighborhood information 214, such as by limiting the value
according to the number of bits used for control information, or by providing a supplemental
adjustment to the node weight to further refine control of routing or other MANET functions.
Sharing of information for maintenance of the neighborhood information 214 may be controlled,
for example, by the data link 204, which may apply any suitable technique to determine when to
share information with one hop neighbors. In one aspect, the data link 204 may transmit data
whenever a change is detected in the MANET such as an addition or deletion of a node.

[0052] As noted above, any of the neighborhood information 214, routing information
212, and/or data queue(s) 210, as well as status or other information concerning any of the
foregoing, may usefully be shared among the nodes participating in a network, and all such

information is intended to fall within the meaning of metadata as that term is used herein.
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[0053] In another aspect, for a MANET that has location-aware nodes 200 (e.g., using
Global Positioning System (GPS) data, signal strength data, and so forth), the neighborhood
information 214 may include position data in order to support location-based routing and the
like.

[0054] Having described a MANET 100 in general terms, the description now turns to a
more detailed treatment of a waveform for initiating network communication, along with related
signal and packet structures, methods, hardware, and the like.

[0055] Fig. 3 shows a transmission packet for communicating in a wireless network. The
transmission packet 300 may contain an overhead block 302 and a plurality of forward error
corrected (“FEC”) blocks 304. In some implementations, an overhead block 302 is followed by
three or seven FEC blocks 304, although in general any number can be used. As described more
fully below, an overhead block 302 is sent as an initial transmission from one node, such as any
of the nodes described above, to another. The overhead block 302 may be used to send
preliminary information characterizing the FEC blocks 304 that follow it, as well as to provide
information for performing initial calibration pertinent to the communication channel such as
equalization or the like. The FEC blocks 304 may contain (in a suitably modulated format) the
substantive data that is to be transmitted from the node.

[0056] As used in this document, the term “FEC block” is used as a label of convenience
to distinguish FEC blocks 304 (that is, blocks that handle the data and/or payload of a
transmission) from overhead blocks 302 (that is, blocks that handle headers and/or metadata of a
transmission). However, an error correcting code can be applied to the overhead blocks 302
without departing from the techniques disclosed below. Similarly, the techniques disclosed
below are applicable even if no error correcting code is applied to an FEC block 304.

[0057] Fig. 4 shows an overhead block. The overhead block 302 may include any
number of smaller data blocks including, for example, a guard time block 306 (repeated twice),
an automatic gain control (“AGC”) block 308 (repeated twice), a first preamble sequence 310,
four self-discovery data blocks 312, and a second preamble sequence 314.

[0058] The guard time block 306 may contain any data. In some embodiments, the guard
time block 306 contains no data. The guard time block 306 may allow calibration of node-to-

node timing, or correction of errors due to, e.g., transmission time of flight.
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[0059] The AGC block 308 may be used to perform automatic gain control calibration at
the receiver. In some implementations, the AGC block 308 contains the same data as the
preamble 310.

[0060] The preamble sequence 310 may be constructed using a generalized chirp-like

(“GCL”) sequence. For purposes of this disclosure, a GCL sequence is of the form:

S, (k)= exp_— z2w[%ﬂ (k odd); and

G

[Eq. 2]

S, (k)= exp_— i27zu£2];\j H (k even),

G

where u and Ng are coprime.

[0061] In this formulation, « is an integer variable (between 1 and Ng- 1) called the class
parameter. This variable allows up to ¢@(Ng) orthogonal preamble sequences to be used by
different nodes within a MANET, or within a neighborhood of a MANET, where ¢ is Euler’s
totient function. While this approach may not guarantee that nodes can transmit preambles
without collision, Ng may be selected with a value sufficiently large relative to the number of
nodes in a neighborhood to provide a significant statistical likelihood of collision-free
transmissions. The variable £ is an integer time index or sample number, and increments from 0
to Lg-1 in order to produce a preamble sequence having a length (or number of samples) of Lg.
The number of samples and the number of classes may depend upon a variety of factors. In one
implementation Lg equals fifty and Ng equals twenty five.

[0062] The preamble sequence described above provides a variety of useful properties
for implementing a MANET node. Radio and signal processing complexity may be significantly
reduced by selecting a perfect square value for Ng. The GCL sequence described above
possesses the property that the magnitude of the cross correlation of two such sequences is an

impulse of magnitude Ng "2

, referred to herein as an ideal cross-correlation property.
Additionally, the circular autocorrelation of any such sequence is an impulse with amplitude Mg,
referred to herein as an ideal autocorrelation property. As a consequence of the ideal
autocorrelation property, the preamble sequence will be orthogonal to a time-shifted copy of

itself. In addition, the GCL sequence has even symmetry in its real and complex parts. This
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symmetry can be exploited to speed correlation computations by limiting such computations to a
fundamental domain, and extending the result by symmetry.

[0063] A single preamble sequence for all nodes can be used. Alternatively, the preamble
sequence used by a particular node can be chosen to correspond to that node. For example, where
the preamble is constructed using a GCL sequence, the class parameter # — and thus the preamble
sequence — can be chosen to correspond to a node. For example, # can be set equal to the node’s
ID, reduced modulo Ng. Since preamble sequences satisfy the ideal correlation property for
different values of u, arranging for different nodes to correspond to different preambles reduces
the amount of interference (and chances of a collision) if two nodes are communicating within
range of each other.

[0064] In some implementations of the overhead block 302, the first preamble sequence
310 may be the complex conjugate of the second preamble sequence 314. By repeating the
second preamble sequence 314 at the end of one or more FEC blocks 304, i.c., bounding each
FEC block 304 with the second preamble sequence 314, a circular correlation with the preamble
sequence may yield a window (using e.g., envelope detection, low pass filtering, and a
sharpening filter) in which a data packet of the FEC block 304 can be located. By using a
complex conjugate for the first preamble sequence 310, the chances of falsely detecting a data
packet within the overhead block may be reduced.

[0065] A self-discovery block 312 may contain data that describes signal characteristics.
Generally, signal characteristics are descriptions of the data and/or waveform that are to follow
the overhead block 302. Such characteristics may for example include signal format
characteristics, network characteristics, content characteristics, or any other useful signal
characteristics.

[0066] Signal format characteristics include data that defines the physical properties of
the waveform(s) carrying a data signal in order to demodulate the waveform (e.g., in its analog
(or sampled) radio frequency form) into the data signal (e.g., in a digital form). This may be, for
example, a specification of a frequency, a channel (or sub channel), a transmit time slot number
or duration and so forth. This may also include a selectable transmit mode, which may specify
one of a number of possible modulation formats such as binary phase shift keying (BPSK),
quadrature phase shift keying (QPSK), quadrature amplitude modulation using, ¢.g., 8 symbols
(QAM-8), 16 symbols (QAM-16), 32 symbols (QAM-32), or 64 symbols (QAM-64) or any other
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modulation formats suitable for the radio hardware used within a MANET. The signal format
characteristics may also, or instead, specify other modulation characteristics such as forward
error correction, interleaving, or any other variable aspects of a particular modulation scheme.
This may also include data useful in improving signal detection such as power levels, signal
strength, and so forth.

[0067] Network characteristics may include any information about the topology and
status of the network or the node’s position in the network. This may include conventional
header information such as a source 1D, a destination ID, traffic type, and so forth. This may also
include information such as an indication of network congestion, multipath affects, distance to a
backhaul access point, route cost (using any suitable metrics), a backhaul access point domain
indication, data rate indication, a broadcast/unicast indicator, the number of MANET hops to a
time reference, and so forth. This may also include information used in maintaining neighbor
tables and the like such as neighbor ID’s, two hop neighbor information, link quality indicators,
queue sizes, and so forth. This may also include any other information that might be used by a
node including, e.g., metrics used in route cost calculations, neighborhood updates, data
requirements, quality of service information, and so forth.

[0068] Content characteristics include information pertinent to the recovery of the data
content from the data signal, including logical properties of the data signal. For example, this
includes information pertinent to re-assembling data from disparate blocks (see step 404 below)
such as sequence numbers for segmentation and reassembly (SAR) and a last fragment indicator,
parent packet sequence number, and any other information that might appear, ¢.g., in a packet
header or control data.

[0069] One function of self-discovery information is to permit dynamic use of available
bandwidth by permitting a node to determine and then select for use any suitable transmission
characteristics, such as data rates, modulation formats, and the like. By signaling this information
to a receiving node with one or more preamble sequences, the receiving node can accurately
extract data signals from a series of FEC blocks 304 without any a priori information about the
nature of the original modulation (except, of course, as required to detect and interpret the self-
discovery block(s) 312). More generally, self-discovery information may include any
information necessary or helpful in demodulating FEC blocks 304, maintaining the MANET, or

otherwise supporting operation of a node or nodes.
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[0070] Fig. 5 shows an FEC block. The FEC block 304 may include a plurality of data
sections 316. Each data section encodes data that is transmitted from one node to another in the
MANET. Such data may be encoded using a forward error correcting code, thereby allowing for
the correction of a particular amount of errors at the receiver, with no further communication
with the transmitter being required. In some implementations, the error correcting code is a
convolution turbocode (“CTC”) from Xilinx that implements the IEEE 802.16¢ standard. It will
be understood that the various blocks in Figs. 3-5 may represent data at a sending node (either in
memory or at the radio) before it is transmitted, propagating as a signal through an air interface,
at a receiving node (either at the radio or in memory) after it is received, or some combination of
these, and no particular medium or embodiment for the transmission packet or components
thereof should be inferred unless explicitly stated or otherwise clear from the context.

[0071] Fig. 6 is a flowchart for transmitting data from a node in a MANET. The
transmission process 600 begins by reading data to be transmitted from a data source (step 602),
such as the data source 202 described above. The amount of data that is read in step 602 may
depend on the data to be transmitted and/or the transmission packet size, which in turn depends
on factors such as the modulation type and error correction type employed. The signal processor
204 may perform or coordinate the reading function.

[0072] In step 604, the data is encoded using forward error correction, such as a
convolution turbo code that implements the Institute of Electrical and Electronics Engineers
(“IEEE”) 802.16¢ standard, Reed-Solomon coding, Tomlinson-Harashima precoding, and any
combination of these. More general, a variety of forward error correction techniques are known
in the art including block coding, convolutional coding, and combinations of these, any of which
may be suitably adapted for use in forward error correction as described herein. It will further be
appreciated that forward error correction may be employed at multiple layers (in the network
protocol stack sense) of a node. Thus for example simple least significant bit coding may be
employed at the physical layer, while other techniques described herein may be employed at,
e.g., the MAC or data link layer within a node. Additional data to implement the forward error
correction (e.g., correction codes, coefficients, and other input data besides the to-be-encoded
data itself) may reside in a data store such as the network data 206, the data sources 202, or

elsewhere.
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[0073] In some implementations, the data may also be interleaved across multiple
frequency segments or time slots, such that a single portion of pre-encoded data is partially
described in each of several distinct FEC blocks 304, some of which may even reside in distinct
data packets 300. Step 604 also encompasses this interleaving, if used. In some embodiments, the
signal processor 204 performs step 604

[0074] In step 606, a preamble sequence and self-discovery data are identified. In this
document, the word “identify” is intended to be interpreted broadly, and includes computing or
otherwise generating information, as well as obtaining already-generated information from
another process or data source.

[0075] The preamble sequence may be a single “global” sequence for use by each node
in the MANET. Alternatively, the preamble sequence may be one of several possible sequences
identified based on a correspondence to the transmitting node. For example, in embodiments
using GCL sequences as described above, the transmitting node ID may be reduced modulo Ng
to select a class parameter u that defines the preamble sequence. The decision whether to use a
global sequence or a node-specific sequence can be based on the number of nodes in range of a
particular node, failure rate of properly identifying preamble sequences in the past, or other
factors that relate to anticipated or actual conditions within a neighborhood or MANET.

[0076] The self-discovery data may include any information characterizing radio
conditions, channel conditions, signal formats, and so forth as generally discussed above. For the
signal format, any applicable modulation type may be identified in step 606. Such modulation
types or “modes” may include binary phase-shift keying (“BPSK”), quadrature phase-shift
keying (“QPSK”), or quadrature amplitude modulation (“QAM?”), each of which may include
multiple data rates and, as in the case of QAM, variable sized constellations of symbols used to
transmit data. The modulation type may be chosen according to a variety of factors based
preferences of speed of communication vs. reliability, as well as any other conditions such as
channel conditions for each communication link. For example, in noisy channels a more robust
modulation may be used with a lower data rate. In some embodiments, a relatively robust
modulation (such as QPSK) may be chosen for the overhead block 302, while a less robust (but
higher capacity) modulation is chosen for FEC blocks 304. The signal processor 204 may

identify the modulation type(s) autonomously or in communication with neighboring nodes.
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[0077] At step 608, the FEC-encoded data and the self-discovery data is modulated
according to the modulation(s) identified in step 606. In some embodiments, the digital signal
processor 204 modulates this data.

[0078] In step 610, the (modulated) overhead block 302 is written or transmitted. It can
be written to a temporary storage area where it awaits transmission by the radio 208, or it can be
simply transmitted directly by the radio 208. Similarly, the FEC block(s) 304 are written or
transmitted in step 612. In some implementations the waveform for transmitting the FEC blocks
is chosen to be orthogonal to the preamble sequence(s). This condition is optimal for allowing an
overhead block 302 to be transmitted at a higher power level than an FEC block 304.

[0079] Fig. 7 is a flowchart for receiving data at a node in a MANET. The first step of
the receiving process 700 is to receive an overhead block 302 as an initial transmission (step
702). From within the overhead block 302, the preamble sequences are identified (step 704).

[0080] In step 706, slot timing is established. In some embodiments, this is accomplished
by measuring the duration of a preamble sequence transmission and comparing it to a standard.
To the extent that the received preamble sequence differs in duration from the standard, the slot
timing can be linearly adjusted accordingly based on the ratio of the measured duration to the
standard duration. Other suitable techniques are known and may be employed instead of or in
addition to the foregoing, including techniques that rely on external time sources (such as GPS,
WiMax, or cellular timing sources) or MANET-centric time sources (such as synchronizing
oscillators among nodes). Regardless of the approach employed, the signal processor may
determine slot timing and, in certain circumstances, identify a particular time slot during which a
node will receive data.

[0081] In step 708, channel impulse response is identified based on the preamble
sequence. The impulse response may be identified using the correlation properties of the
preamble sequence. For example, the autocorrelation of the received preamble sequence can be
computed and compared to an expected result. Alternatively, the cross-correlation of the received
preamble sequence can be computed with respect to a standard preamble sequence, and
compared to an expected result. In either case, deviations from the expected result can be used to
adjust equalization coefficients (step 710) used at a receiving node to decode data. Any suitable
equalization technique(s) may be employed to obtain the time domain equalizer impulse

response, such as a least squares minimization based on the filter mask (e.g., a root raised cosine
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or RRC filter), the GCL sequence, and the estimated noise floor. In general this equalization may
adjust phase and/or amplitude distortions within a communication channel to improve the quality
of received data such that the actual decoded result is brought into closer agreement with the data
signal transmitted from another node.

[0082] In step 712, the self-discovery blocks 312 are read from the overhead block 302.
These blocks may be identified as following the first detected preamble sequence, and decoded
using any suitable techniques into self-discovery data or information. As a consequence, the
signal characteristics of the coming FEC blocks 304 can be identified. Having identified these
characteristics, the receiver can (among other things) receive the FEC blocks (step 714) on the
proper channels/sub-channels, with the proper signal format, in the proper time slot(s), etc.

[0083] In step 714, the received FEC blocks 304 are demodulated. The proper
demodulation formats are known from the self-discovery data received in the previous step.
Similarly, if the self-discovery data so indicates, the demodulation step may also include a re-
assembly step, if data was originally interleaved across various sub-channels or time slots.

[0084] Thus there is described herein a waveform useful for communications between
nodes in a MANET, as well as systems and methods for implementing same. It will be
appreciated that the techniques described herein may more broadly be employed in any context
where signal characteristics and the like might be usefully transmitted to a receiver immediately
in advance of a data signal, and all such uses of the techniques described herein are intended to
fall within the scope of this disclosure.

[0085] It will be appreciated that any of the above systems, apparatuses, devices,
methods, processes, and the like may be realized in hardware, software, or any combination of
these suitable for the communications, control, data acquisition, and data processing described
herein. This includes realization in one or more microprocessors, microcontrollers, embedded
microcontrollers, programmable digital signal processors or other programmable devices, all
referred to generally as processors herein, along with internal and/or external memory such as
read-only memory, programmable read-only memory, electronically erasable programmable
read-only memory, random access memory, dynamic random access memory, double data rate
random access memory, Rambus direct random access memory, flash memory, and/or any other
volatile or non-volatile memory for storing program instructions, program data, and program

output or other intermediate or final results. This may also, or instead, include one or more
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application specific integrated circuits, programmable gate arrays, programmable array logic
components, or any other device or devices that may be configured to process electronic signals,
also referred to generally as processors. It will further be appreciated that a realization of the
processes or devices described above may include computer-executable code created using a
structured programming language such as C, an object oriented programming language such as
C++, or any other high-level or low-level programming language (including assembly languages,
hardware description languages, and database programming languages and technologies) that
may be stored, compiled or interpreted to run on one of the above devices, as well as
heterogencous combinations of processors, processor architectures, or combinations of different
hardware and software. At the same time, processing may be distributed across devices such as
network nodes and/or computers and/or servers and/or other remote processing resource in a
number of ways, or all of the functionality may be integrated into a dedicated, standalone device.
All such permutations and combinations are intended to fall within the scope of the present
disclosure.

[0086] In other embodiments, disclosed herein are computer program products
comprising computer-executable code or computer-usable code that, when executing on one or
more computing devices, performs any and/or all of the steps described above, or more
specifically in the context of mobile ad hoc network nodes, a computer readable medium bearing
instructions for wireless communication that, when executed, cause a node in a mobile ad hoc
network to perform the recited steps. The code may be stored in a computer memory, which may
be a memory from which the program executes (such as random access memory associated with
a processor), or a storage device such as a disk drive, flash memory or any other optical,
electromagnetic, magnetic, infrared or other device or combination of devices. In another aspect,
any of the processes described above may be embodied in any suitable transmission or
propagation medium carrying the computer-executable code described above and/or any inputs
or outputs from same.

[0087] While the invention has been disclosed in connection with the preferred
embodiments shown and described in detail, various modifications and improvements thereon
will become readily apparent to those skilled in the art. Accordingly, the spirit and scope of the
present invention is not to be limited by the foregoing examples, but is to be understood in the

broadest sense allowable by law.
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CLAIMS
What is claimed is:
1. A method of communicating from a node in a mobile ad hoc network comprising;:

identifying a preamble sequence that corresponds to the node, wherein the preamble
sequence is constructed to be orthogonal to other preamble sequences corresponding to other
nodes of the mobile ad hoc network, wherein the preamble sequence has an ideal auto-
correlation property, and wherein the preamble sequence is symmetric in both a real part of the
preamble sequence and a complex part of the preamble sequence;

identifying self-discovery data that encodes a signal characteristic with which a data
signal will be transmitted to a second node; and

transmitting the preamble sequence followed by the self-discovery data to the second

node in an initial transmission.

2. The method of claim 1 wherein the signal characteristic includes one or more of a signal

format characteristic, a network characteristic, and a content characteristic.

3. The method of claim 1 further comprising transmitting a second preamble sequence to

the second node after transmitting the self-discovery data and before transmitting the data signal.

4. The method of claim 3 wherein the second preamble sequence is a complex conjugate of

the preamble sequence.

5. The method of claim 1 further comprising transmitting the data signal after the initial
transmission.

6. The method of claim 5 wherein the preamble sequence is orthogonal to the data signal.

7. The method of claim 5 further comprising transmitting the preamble sequence at a higher

power level than the data signal.
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8. The method of claim 5 wherein the initial transmission includes a guard time block and
an automatic gain control block.
9. The method of claim 8 wherein the initial transmission consists of a plurality of guard

time blocks, a plurality of automatic gain control blocks, the preamble sequence, the self-

discovery data, and a second preamble sequence.

10.  The method of claim 5 further comprising:
transmitting the initial transmission and the data signal on a first frequency segment;
transmitting a second initial transmission including a second preamble sequence and
second self-discovery data and a second data signal, wherein the second initial transmission and
second data signal are each transmitted on a second frequency segment, and wherein both the
self-discovery data and the second self-discovery data include instructions for combining the

data signal and the second data signal.

I1. The method of claim 1 wherein the preamble sequence includes a generalized chirp-like

sequence.

12.  The method of claim 11 wherein the generalized chirp-like sequence is of the form: S,(k)
= exp[-i 2mu k(k+1)/2Ng] for k odd and S,(k) = exp[-i 2zu k*/2Ng] for k even, where i = -1, and

u, k, and Ng are integers and v and Ng are coprime.
13. The method of claim 12 wherein Ny is a perfect square.

14. A method of communicating from a node in a mobile ad hoc network comprising:
identifying a preamble sequence that is used at a plurality of nodes of the mobile ad hoc
network, wherein the preamble sequence is constructed to be orthogonal to any time-shifted copy
of itself, wherein the preamble sequence has an ideal auto-correlation property, and wherein the
preamble sequence is symmetric in both a real part of the preamble sequence and a complex part

of the preamble sequence;
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identifying self-discovery data that encodes a signal characteristic with which a data
signal will be transmitted to one of the plurality of nodes; and
transmitting the preamble sequence followed by the self-discovery data in an initial

transmission.

15. A method of receiving a wireless communication comprising:

receiving an initial transmission at a node in a mobile ad hoc network, the initial
transmission including a preamble sequence corresponding to a second node in the mobile ad hoc
network, wherein the preamble sequence is constructed to be orthogonal to other preamble
sequences that correspond to other nodes of the mobile ad hoc network; wherein the preamble
sequence has an ideal auto-correlation property; and wherein the preamble sequence is
symmetric in both a real part of the preamble sequence and a complex part of the preamble
sequence, the initial transmission further including self-discovery data that encodes a signal
characteristic with which a data signal will be transmitted to the node; and

based on the signal characteristic, receiving the data signal.

16.  The method of claim 15 further comprising using the preamble sequence for a channel
equalization.
17.  The method of claim 16 wherein the channel equalization includes estimating a channel

impulse response.

18.  The method of claim 16 wherein the channel equalization includes computing

equalization coefficients.

19.  The method of claim 15 further comprising detecting packets based upon the preamble

sequence.

20.  The method of claim 15 further comprising channel sounding with the preamble

sequence.
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21.  The method of claim 15 wherein channel sounding is decouple from the data signal.
22. A computer readable medium bearing instructions for wireless communication that, when

executed, cause a node in a mobile ad hoc network to perform the steps of:

identifying a preamble sequence that corresponds to the node, wherein the preamble
sequence is constructed to be orthogonal to other preamble sequences corresponding to other
nodes of the mobile ad hoc network, wherein the preamble sequence has an ideal auto-
correlation property, and wherein the preamble sequence is symmetric in both a real part of the
preamble sequence and a complex part of the preamble sequence;

identifying self-discovery data that encodes a signal characteristic with which a data
signal will be transmitted to a second node; and

transmitting the preamble sequence followed by the self-discovery data to the second

node in an initial transmission.

23.  The computer readable medium of claim 22 wherein the signal characteristic is selected
from the group consisting of: signal format characteristics, network characteristics, and content

characteristics.

24. The computer readable medium of claim 22 wherein the instructions also include
instructions for transmitting a second preamble sequence to the second node after transmit the

self-discovery data.

25.  The computer readable medium of claim 24 wherein the second preamble sequence is

equal to the complex conjugate of the preamble sequence.

26.  The computer readable medium of claim 22 wherein the instructions also include

instructions for transmitting the data signal after the initial transmission.

27.  The computer readable medium of claim 26 wherein the preamble is orthogonal to the

data signal.
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28.  The computer readable medium of claim 26 wherein the preamble is transmitted at a
higher power level than the data signal.
29. The computer readable medium of claim 26 wherein the initial transmission includes a

guard time block, an automatic gain control block, self-discovery data, and the preamble.

30. The computer readable medium of claim 29 wherein the initial transmission consists of a
plurality of a guard time blocks, automatic gain control blocks, self-discovery data, and the

preamble.

31. The computer readable medium of claim 26 wherein the initial transmission and the data
signal are transmitted on a first frequency segment, the method further comprising transmit a
second initial transmission including a second preamble sequence and second self-discovery data
and a second data signal, wherein the second initial transmission and second data signal are each
transmitted on a second frequency segment, and wherein both the self-discovery data and the
second self-discovery data include instructions for combining the data signal and the second data

signal.

32.  The computer readable medium of claim 22 wherein the preamble sequence includes a

generalized chirp-like sequence.

33.  The computer readable medium of claim 32 wherein the generalized chirp-like sequence
is of the form: S,(k) = exp[-i 2zu k(k+1)/2N¢] for k odd, and S,(k) = exp[-i 2zu k’/2N¢] for k

2 . .
even, where i” = -1; u, k, and Ny are integers; and u and Ng are coprime.

34.  The computer readable medium of claim 32 wherein Ny is a perfect square.

35. A computer readable medium bearing instructions for wireless communication that, when
executed, cause a node in a mobile ad hoc network to perform the steps of:
identifying a preamble sequence that is used at a plurality of nodes of the mobile ad hoc

network, wherein the preamble sequence is constructed to be orthogonal to any time-shifted copy
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of itself, wherein the preamble sequence has an ideal auto-correlation property, and wherein the
preamble sequence is symmetric in both a real part of the preamble sequence and a complex part
of the preamble sequence;

identifying self-discovery data that encodes a signal characteristic with which a data
signal will be transmitted to one of the plurality of nodes; and

transmitting the preamble sequence followed by the self-discovery data in an initial

transmission.

36. A computer readable medium bearing instructions for wireless communication that, when
executed, cause a node in a mobile ad hoc network to perform the steps of:

receiving an initial transmission at a node in a mobile ad hoc network, the initial
transmission including a preamble sequence corresponding to a second node in the mobile ad hoc
network, wherein the preamble sequence is constructed to be orthogonal to other preamble
sequences that correspond to other nodes of the mobile ad hoc network; wherein the preamble
sequence has an ideal auto-correlation property; and wherein the preamble sequence is
symmetric in both a real part of the preamble sequence and a complex part of the preamble
sequence, the initial transmission further including self-discovery data that encodes a signal
characteristic with which a data signal will be transmitted to the node; and

based on the signal characteristic, receiving the data signal.

37.  The computer readable medium of claim 36 wherein the instructions also include

instructions for using the preamble for channel equalization.

38.  The computer readable medium of claim 37 wherein equalization includes estimating a

channel impulse response.

39.  The computer readable medium of claim 37 wherein equalization includes computing

equalization coefficients.

40.  The computer readable medium of claim 36 wherein the instructions also include

instructions for using the preamble for packet detection.
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41.  The computer readable medium of claim 36 wherein the instructions also include

instructions for using the preamble for channel sounding.

42.  The computer readable medium of claim 41 wherein channel sounding is decoupled from
data symbols.
43.  Anode in a mobile ad hoc network comprising:

a data source;
a radio; and
a processor configured to:
receive a data signal from the data source;
provide a preamble sequence, wherein the preamble sequence corresponds to the
node of the mobile ad hoc network; wherein the preamble sequence is
constructed to be orthogonal to other preamble sequences corresponding to
other nodes of the mobile ad hoc network; wherein the preamble sequence has
an ideal auto-correlation property; and wherein the preamble sequence is
symmetric in both a real part of the preamble sequence and a complex part of
the preamble sequence;
provide self-discovery data wherein the self-discovery data encodes a signal
characteristic;
transmit the preamble sequence and the self-discovery data; and
modulate the data signal according to the signal characteristic to provide a
modulated data signal; and

transmit the modulated data signal.

44.  The node of claim 43 wherein the signal characteristic includes one or more of a signal

format characteristic, a network characteristic, and a content characteristic.

45.  The device of claim 43 wherein the processor includes an integrated circuit.
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46.  The device of claim 45 wherein the integrated circuit is configured to operate in a time-

division duplexed state.

47.  The device of claim 46 wherein the processor includes an application-specific integrated

circuit.

48.  The device of claim 43 wherein the signal characteristic is selected from the group

consisting of: signal format characteristics, network characteristics, and content characteristics.

49.  The device of claim 43 wherein the processor is further configured to transmit a second

preamble sequence to the second node after transmitting the self-discovery data.

50.  The device of claim 49 wherein the second preamble sequence is equal to the complex

conjugate of the preamble sequence.

51.  The device of claim 43 wherein the processor is further configured to transmit the data

signal after the initial transmission.

52.  The device of claim 43 wherein the preamble is orthogonal to the data signal.

53.  The device of claim 52 wherein the preamble is transmitted at a higher power level than

the data signal.

54.  The node of claim 43 wherein the initial transmission includes a guard time block, an

automatic gain control block, self-discovery data, and the preamble.

55.  The node of claim 54 wherein the initial transmission consists of a plurality of a guard

time blocks, automatic gain control blocks, self-discovery data, and the preamble.

56.  The node of claim 43 wherein the initial transmission and the data signal are transmitted

on a first frequency segment, the method further comprising transmitting a second initial
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transmission including a second preamble sequence and second self-discovery data and a second
data signal, wherein the second initial transmission and second data signal are each transmitted
on a second frequency segment, and wherein both the self-discovery data and the second self-

discovery data include instructions for combining the data signal and the second data signal.

57.  The node of claim 43 wherein the preamble sequence includes a generalized chirp-like

sequence.

58.  The node of claim 57 wherein the generalized chirp-like sequence is of the form: S,(k) =
exp[-i 2zu k(k+1)/2N¢] for k odd, and S.(k) = exp[-i 2zu k*/2N¢] for k even, where i* = -1; u, k,

and Ng are integers, and «# and N are coprime.

59.  The node of claim 58 wherein Ny is a perfect square.
60.  Anode in a mobile ad hoc network comprising:
a radio; and

a processor configured to:

receive an initial transmission from the radio;

demodulate the initial transmission, thereby creating encoded data;

identify a preamble sequence in the encoded data, wherein the preamble sequence
corresponds to a sending node in the mobile ad hoc network, wherein the
preamble sequence is constructed to be orthogonal to other preamble
sequences corresponding to other nodes of the mobile ad hoc network;
wherein the preamble sequence has an ideal auto-correlation property; and
wherein the preamble sequence is symmetric in both a real part of the
preamble sequence and a complex part of the preamble sequence;

identify self-discovery data in the encoded data, the self-discovery data indicating
a signal characteristic for a data signal in a second transmission;

receive the second transmission; and

demodulate a data signal from the second transmission according to the signal

characteristic.
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61.  The node of claim 60 wherein the processor includes an integrated circuit.
62.  The node of claim 61 wherein the integrated circuit is configured to operate in a time-
division duplexed state.
63.  The node of claim 61 wherein the integrated circuit is configured to modulate the

encoded data, thereby creating modulated data, and cause the radio to transmit the modulated

data to the second node of the mobile ad hoc wireless network.

64.  The node of claim 61 wherein the integrated circuit includes an application-specific

integrated circuit.

65.  The node of claim 60 wherein the processor is further configured to use the preamble for

channel equalization.

66.  The node of claim 65 wherein the processor is further configured to estimate a channel

impulse response.

67.  The node of claim 65 wherein the processor is further configured to compute equalization
coefficients.
68.  The node of claim 60 wherein the processor is further configured to use the preamble for

packet detection.

69.  The node of claim 59 wherein the processor is further configured to use the preamble for

channel sounding.

70.  The node of claim 69 wherein channel sounding is decoupled from the data signal.



PCT/US2009/056126

WO 2010/028307

1/5

L Ol

ZGl
SHMHOMLAN 340D

0SL
SMHOMLAN 3400

0ocl
— 97 ¥3.Ln0oY 3903

dvd

(3

— oLl
ol | _—1 as
dvd
oLl
oLl as
as
orr
as
JE— Dw llllllllll N\\\\ \\\\
NN _\ I\ IIIIIIII h\ 5 \\
dv el — e T4

8Ll ONI1dVvd3d 001




PCT/US2009/056126

¢ Old

2/5

WO 2010/028307

(%4 tA%4 ¥4
O4NI O4NI (8)anano

HOgHOIAN ONILNOY V1vda

<R Tl AT 20z
S304N0S V1vd
L 90¢ =
80¢ <P HOSSIO0Ud (4> o\ -\ vg
olavy TVYNOIS
"™ 00z

qOP)




PCT/US2009/056126

WO 2010/028307

3/5

G "old
14%% 9l¢ ale ale ale ale 9l¢ alg alg ale
Ivd Sd Sd Sd sd sd sd sd sd Sd
Y0019 O34
¥ Ol
14%% ale ale ale ale oLe 80¢ 80¢ a0¢ 90¢
Ivd as as as as cvd | OOV | 09V 19 19
MO0O19 HO
£ 'Ol4 I~
70€ ¢ e 70€ 70€ 20¢€
MO0719 O34 MO019 234 | MOO0T19 O34 YO019 HO

v0€

40



PCT/US2009/056126

WO 2010/028307

4/5

219
(SIMO019 D34 LINSNVHL/ALIYM

%

019
MO0T1d HO LINSNVHL/A1IdM

%

809
v1iva 31vINaoin

%

909
v1va A43aAn00SsId
-473S ANV ION3INO3S F19INVIHd AdILN3AI

%

¥09
O34 H1IM V1vd 3d0ON3

%

209
304dN0S vV.1vd NOY4 v1ivd av3d

9 OId

009



PCT/US2009/056126

WO 2010/028307

5/5

L 9Ol4

0Lz
SIN3I0I44309
NOILVZITVNO3 AdILN3AI

]

80
ISNOJSTY
3ISTINdWI TINNVHO JLVINILST

917
(S)MD019 D34 ILVINAOWIA

1

I

90
ONINIL LOTS AdILNIAl

v
(S)IMDO019 D34 IAIFAD3IY

ﬂ

1

0.
(S)a3DONINDIAS J1dINVILd AdILNIAI

%

47
Y0079 HO NOd4 SMO0149 dS dv3d

%

20Z
Y0019 HO 3AIF03S

004



INTERNATIONAL SEARCH REPORT

International application No.
PCT/US2009/056126

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO4W 04/00 (2009.01)
USPC - 370/338

According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

IPC(8) - HO4W 04/00 (2009.01)
USPC - 370/338

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

MicroPatent

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2005/0186933 A1 (TRANS) 25 August 2005 (25.08.2005) entire document 1-10, 14-31, 35-56, 60-68

Y 11-13, 32-34, 57-59, 69,
70

Y US 2001/0000959 A1 (CAMPANA, JR) 10 May 2001 (10.05.2001) entire document 11-13, 32-34, 57-59, 69,

70

[:I Further documents are listed in the continuation of Box C.

L]

* Special categories of cited documents:

“A" document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“0" document referring to an oral disclosure, use, exhibition or other
means

“p"  document published prior to the international filing date but later than

the priority date claimed

1" later document published after the intemational filing date or priority
date and not in conflict with the apghqanon but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y" document of particular relevance; the claimed invention cannot be

considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

20 October 2009

Date of mailing of the international search report

29 0CT 2009

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.0. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No. 571-273-3201

Authorized officer:
Blaine R. Copenheaver

PCT Helpdesk: 571-272-4300
PCT OSP: 571.272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - wo-search-report

