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SUB-FRAME SYNCHRONIZED RANGING

BACKGROUND
[0001] In many wireless networks, each node may have a need to determine the position
of the node, relative to absolute and relative frames of reference. One system providing an
absolute frame of reference is the Global Positioning System (GPS), using a constellation of
geosynchronous satellites to provide the necessary coordinate reference points. Relative frames
of reference are provided by asset tracking systems, such as those monitoring the movement of
cooperating devices in a structure, for determining the building-relative position coordinates of a
pre-mounted tagging device. Current systems for providing absolute and relative frames of
reference typically require the cost and installation of infrastructure equipment, from satellites to

fixed location beacons mounted in a structure, as used in many tracking systems.

[0002] Ad hoc wireless networks are characterized by the absence of installed
infrastructure, and possibly unpredictable orientation and location of such devices. Such systems
typically provide only a limited relative frame of reference, with respect to other devices in the
ad hoc network. Certain ad hoc network nodes may be augmented with GPS to provide a fixed
coordinate system, and hence an absolute frame of reference. However, the size and power
requirements necessary for GPS are typically unavailable in energy-constrained ad hoc wireless
devices. Also, the unpredictable orientation of the GPS antenna in a device, or a location
without suitable GPS signals, may result in a failure to acquire sufficient GPS satellite signals for
an accurate position determination by the node. Further, the ad hoc wireless network may only
require a relative, not an absolute, frame of reference to perform the desired application, such as

perimeter monitoring or surveillance.

[0003] In many position determination systems such as GPS, tagged asset tracking and
ad hoc wireless networks, the propagation velocity of a radio frequency (RF) signal is used to
measure the distance between pairs of cooperating nodes. In air, the approximate velocity of a
radio wave is one foot per nanosecond (1 ft./nSec), and the distance between a transmitter and
one or more cooperating receivers may be measured using methods such as Time of Flight
(TOF) or Time Difference of Arrival (TDOA). The results of such ranging measurements
between several pairs of nodes are required, at a minimum, for trilateration to determine the
position of just a single device in systems with some fixed infrastructure. More generally, many

such ranging measurements are required to perform multilateration, such as required to
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determine the position of each device in an ad hoc wireless network. Therefore, the accuracy of
such ranging measurements is a function of the clock precision utilized for the ranging

measurements.

[0004] The use of conventional, or data modulated RF bands or channels, for measuring
TOF or TDOA may produce inaccurate results due to various influences and effects. Multi-path
RF propagation may result in the receiver detecting a higher strength, but longer indirect path RF
signal, and measuring a time interval with a larger value than for the direct RF wave path
distance. Also, clock synchronization among the devices must be accomplished and maintained,
typically through the use of a beacon signal transmitted by a designated node. Since such clocks
are typically used for the purpose of providing a time base for demodulating the data, having a
modulation frequency orders of magnitude lower than the carrier frequency, the clock is not able
to resolve individual cycles of the carrier frequency. Hence, the precision of such ranging
measurements is limited to an indirect detection of modulated data contained in a beacon signal,
rather than arrival of an RF signal at the receiver. Further, each beacon signal will include a

preamble appropriate for the data modulation technique employed

[0005] Some wireless data communications systems, such as conventional radio
frequency systems, provide data communications by modulating, or coding, data signals onto a
carrier frequency(s). However, other types of wireless communication systems are carrier-less
and rely on time-based coding for data communications. One such communication system that
relies on time-based coding to achieve reliable data communications is Ultra Wide Band

(“UWB”)‘

[0006] These UWB systems, unlike conventional radio frequency communications
technology, do not use modulated carrier frequencies to transport data. Instead, UWB systems
make use of a wide band energy pulse that transports data using both time-based coding and
signal polarization. Time-based coding methods may include pulse-position, pulse-rate or pulse-
width techniques. UWB communication systems do not provide a common clock to the
transmitting and receiving nodes. Instead, a low-drift clock with a programmable offset value is
implemented in each transmitter/receiver node, providing a local reference for time-based coding
and decoding. Each of these multiple clock domains is subject to short-term time drift, which
will exceed the necessary tolerance for accurate UWB data communication system operation
after a predictable time period. As a result, precise time synchronization between the

transmitting node and receiving node(s) is imperative in UWB systems to obtain accurate data
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communications. In order to precisely synchronize receiving node(s) with a transmitting node,
UWB systems typically require preambles for each transmitted data frame. However, some
applications with potential to benefit from UWB technology cannot be implemented if a
preamble is required. Also, many potential applications for UWB technology are size and
energy constrained, such as networks of wireless sensors and controls, which seek to minimize

transmission time and to conserve energy.

[0007] In particular, wireless sensor networks might be composed of two or more
communicating nodes. Further, each node may have an arbitrary location and antenna
orientation, due for example, to the manner in which the nodes are emplaced. In particular, due
to the ad hoc orientation of each sensor node, relative to other nodes, an omni-directional
antenna is required for data communications. Further, each sensor node is typically battery-
powered, and must use energy in the most efficient manner possible in order to achieve a useful

lifespan for the intended application.

[0008] Ultra-WideBand (UWB) radio systems typically require a long synchronization
period, or frame preamble, in order for one or more receivers (Rx) to accurately time-
synchronize with the transmitter (Tx) and achieve successful digital data communications. Many
applications considering UWB radios are size- and power-constrained, emphasizing the need to
minimize energy consumption. Certain classes of applications require accurate determination of
the distances between nodes in a wireless sensor network (i.e. multi-static radar, geo-location,
etc.) For time-synchronized UWB data communications, each node’s clock must have a
precision in the sub-nanosecond range. This clock precision may also be used in the
measurement of distance, based on TOF or TDOA measurements of UWB signals between
nodes, with a sub-nanosecond clock precision providing distance measurement accuracy on the
order of inches. However, each such measurement will incur the full length preamble sequence
between a pair of nodes in order to perform the measurement and communicate the result. Since
a wireless sensor network is typically required to exchange data as well as measuring distances, a
method for achieving both, while minimizing energy consumption is essential to maximize the

operational lifetime of a wireless sensor network node, many of which are battery-powered.

[0009] For the reasons stated above, and for other reasons stated below which will
become apparent to those skilled in the art upon reading and understanding the present
specification, there is a need in the communication industries for a method to provide

collaboration among two or more transmitter/receiver nodes that utilizes the clock



10

15

20

25

30

WO 2007/127721 PCT/US2007/067282

4

synchronization mechanism required for time-synchronous communication systems to provide

highly accurate ranging measurements.

SUMMARY

[0010] The above-mentioned problems of current systems are addressed by embodiments
of the present invention and will be understood by reading and studying the following

specification.

[0011] In one embodiment, a method of communication between two or more nodes is
provided. The method includes synchronizing the two or more nodes with a frame preamble in
an initial communication frame. Exchanging subsequent data communications between the two
or more nodes without additional frame preambles until a special re-synchronization switch point
occurs. Exchanging a ranging schedule between the two or more nodes. Exchanging ranging
pulses in subsequent communication frames between the two or more nodes based on the ranging

schedule and determining distances between the nodes based on the ranging pulses.

[0012] In another embodiment, a method of determining distances between
communication nodes is provided. The method includes transmitting an initial communication
frame from a first node to at least one second node. The initial communication frame includes a
frame preamble, first data and a first switch point. The method further includes synchronizing a
local clock of the at least one second node based on the frame preamble in the initial
communication frame. Switching the at least one second node to a transmitting node based on
the received switch point. Transmitting a subsequent communication frame from the at least one
second node to the first node. The subsequent communication frame includes a ranging
preamble, second data and a second switch point. The method continues by synchronizing a
local clock in the first node based on the ranging preamble from the at least one second node and
determining the range between the first node and the second node based on the ranging

preamble.

[0013] In yet another embodiment, a communication system is provided. The
communication system includes a plurality of nodes adapted to exchange communication frames
for a period of time in which the clocks of each node are synchronized based on a frame
preamble in an initial communication frame transmitted by one of the nodes. The plurality of
nodes are further adapted to determine distances between the nodes with the use of range

preambles in subsequent communication frames exchanged between the nodes.
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DRAWINGS
[0014] The present invention can be more easily understood and further advantages and
uses thereof more readily apparent, when considered in view of the description of the preferred

embodiments and the following figures in which:

[0015] Figure 1A is a diagram of one embodiment of a communications system of the

present invention;

[0016] Figure 1B is a diagram of another embodiment of a communication system of the

present invention;

[0017] Figure 2A is a diagram of an initial communication sub-frame of one embodiment

of the present invention;

[0018] Figure 2B is a diagram of a ranging sub-frame signal of one embodiment of the

present application.

[0019] Figure 3 is a graph illustrating communications and ranging of one embodiment

of the present invention;

[0020] Figure 4 is a diagram of the clock offset values determined by one embodiment of

the present invention;

[0021] Figure 5 is a flow diagram of communication and ranging among nodes in a

communication system of one embodiment of the present invention

[0022] Figure 6A is a flow diagram of a initiating communication and ranging signals of

one embodiment of the present invention;

[0023] Figure 6B is a flow diagram of responding to communication and ranging signals

of one embodiment of the present invention;

[0024] In accordance with common practice, the various described features are not drawn
to scale but are drawn to emphasize specific features relevant to the present invention. Reference

characters denote like elements throughout Figures and text.

DETAILED DESCRIPTION
[0025] In the following detailed description, reference is made to the accompanying

drawings that form a part hercof, and in which is shown by way of illustration specific
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illustrative embodiments in which the invention may be practiced. These embodiments are
described in sufficient detail to enable those skilled in the art to practice the invention, and it is to
be understood that other embodiments may be utilized and that logical, mechanical and electrical
changes may be made without departing from the spirit and scope of the present invention. The

following detailed description is, therefore, not to be taken in a limiting sense.

[0026] Embodiments of the present invention provide methods and systems for
efficiently using time-synchronized communications systems for data communication as well as
ranging applications. The present invention is related to the Sub-Frame Synchronized Signaling
(SESS) application filed on December 28, 2005, having Serial Number 11/181,281 (the 281
application) which is herein incorporated by reference. The Sub-Frame Synchronized Signaling
application provides methods and apparatus for sub-frame synchronized signaling that avoid
many of the long resynchronization periods caused by preambles at the start of each transmission
frame. In embodiments of the present invention, once synchronization of communication among
cooperating nodes has been established, highly accurate ranging measurements may be made in

an efficient manner.

[0027] Sub-Frame Synchronized Ranging (SFSR) utilizes the Sub-Frame Synchronized
Signaling method, as described in the ‘281 application, to first communicate, as needed, a
schedule of transmissions to every node, then issue a “switch point” signal to cause all
collaborating nodes to participate in a ranging application. Each such communicated frame is
preceded with a frame preamble for the purpose of enabling clock synchronization among
cooperating nodes. The duration of the frame preamble must be long enough to enable two or
more nodes to achieve time-synchronization, even when the local clocks in those nodes have the

maximum possible time difference.

[0028] The transmission schedule accurately determines which node should transmit a
ranging preamble sequence during the period of time-synchronization among the nodes. Each
ranging preamble is a pre-defined pulse sequence, and only one node is scheduled to transmit
during a given time interval. All other nodes are in receive mode during the transmission
interval of another node. The duration of a ranging preamble is much shorter than a frame
preamble, due to the time-synchronization established among local clocks in two or more nodes

during the frame preamble.

[0029] Ranges between nodes are determined at each receiving node by measuring the

correction factor, or clock offset, the receiving node must apply to a local high precision clock in
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order to optimize time-synchronization. This clock synchronization mechanism is identical to
the process initially used to time-synchronize nodes during transmission of a frame preamble.
The difference is the duration of the ranging pulse sequence is much shorter than a frame
preamble, since time-synchronization among nodes has already been achieved. Hence the SFSR

method maximizes both energy efficiency and ranging accuracy.

[0030] As described in the 281 application, the local clocks in all nodes are time-
synchronized to the clock in the node transmitting the initial communication message, during the
frame preamble. In the present invention, each node then stores a copy of this initial clock offset
value, which is used to determine the range between this node and each other cooperating node,
by computing a range based on the estimated propagation velocity of RF waves in air and the
difference between the initial clock offset, and the clock offset measured while receiving a
ranging preamble. As those of skill in the art will understand, this method enables one or more

nodes to measure the range between that node and the node transmitting the ranging preamble.

[0031] In Figure 1A an embodiment of a data communications system 100 of the present
invention is illustrated. In this embodiment, the data communication system 100 includes
communication node 102 and communication nodes 104-1 through 104-N. The communication
nodes 102 and 104-1 though 104-N are adapted to communicate with each other. In particular,
in the embodiment illustrated in Figure 1A, communication node 102 is in communication with
communication nodes 104-1 through 104-N. However, it will be understood that the present
invention can generally apply to two or more communication nodes, any of which may be the
initial transmitting node. In embodiments of the present invention, a first communication node
initiates a message exchange. In the embodiment of Figure 1A, this is communication node 102.
A message exchange is started when communication node 102 transmits a communication signal
that contains a frame preamble. The frame preamble is a known sequence of information that
includes information regarding clock timing. Each receiving node uses the information in the
frame preamble to synchronize its local clock so communication between the transmitting node
and the receiving nodes can occur. In embodiments of the present invention, communication
between nodes is maintained without sending an additional frame preamble until internal clocks
in the respective nodes have drifted apart far enough that synchronization suitable for UWB data

communications has been lost.

[0032] Referring back to Figure 1A, the first communication signals 110-1, 112-1 and

114-1 containing the frame preambles and other data to be exchanged are illustrated. The first
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communication signals may be referred to as frame synchronization communication signals.
Node 102 is the transmitting node when transmitting signals 110-1, 112-1 and 114-1 and nodes
104-1 through 104-N are the receiving nodes when receiving the respective frame
communication signals 110-1, 112-1 and 114-1. At the end of each frame communication signal
is an indication that the signal is complete. As described in the ‘281 application, this is referred
to a switch point. The switch point provides a signal to each receiving node indicating when it
can become a transmitting node to transmit a communication signal, such as a ranging message,
in response to a received signal. An example of this are ranging signals 110-2, 112-2 and 114-2
transmitted from the respective nodes 104-1, 104-2 and 104-N back to node 102 one after
another in a pre-arranged sequence. The message exchange between the nodes continues like
this until, as discussed above, the internal clocks in the respective nodes have drifted far enough
apart that synchronization suitable for UWB data communications has been lost, or until another
node transmits a new initial communication containing a frame preamble. The last
communication signal between initiating node 102 and nodes 104-1 through 104-N is illustrated

as signals 110-N, 112-N and 114-N in Figure 1A.

[0033] In one embodiment, the data communication system 100 is a point to point
communication system where only two nodes are participating at a time. An example of this
system in reference to the communication system 100 of Figure 1A is when node 102 sends a
first signal 110-1 to node 104-1 and then a second signal 112-1 at a later time to node 104-2. In
another embodiment of the present invention, the data communication system 120 is arranged in
a broadcast network where a transmitted signal is received by multiple nodes simultaneously.

An example of this is illustrated in Figure 1B. In this embodiment, only a single frame preamble
is required since only one initial transmission signal is sent to the multiple nodes. Referring to
Figure 1B, an initial signal 130 including the single frame synchronization communication signal
is broadcast from node 122 to nodes 124-1 through 124-N simultaneously. In this embodiment,
a switch point in the transmitted frame communication signal is used to indicate the next transmit
node. For example, in the communication system 120 of Figure 1B, the next node to transmit, as
directed by the switch point, is node 124-2. As illustrated ranging signal 132 is transmitted from
node 124-2 to node 122. Further in this example, node 124-3 is then directed to transmit ranging
signal 134, which is received by nodes 124-2, 124-4 and 122.

[0034] Referring to Figure 2A, an example of a frame communication signal 200 is

illustrated. In particular, the initial signal in this embodiment is a frame communication frame
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200. An initial communication frame includes a frame preamble and a sub-frame containing data
bits and a switch point. The initial communication frame 200 is sent from a transmitting node
(first node) and includes frame preamble 202. Frame preamble 202 contains information used by
one or more receiving nodes for synchronization of the receiving node(s) local clock(s). After
the frame preamble, information or data is transmitted. The information or data is generally
referenced as 204-1 through 204-N and in one embodiment are data communication bits. After
the data 204-1 through 204-N has been transmitted, a switch point is transmitted 206. The
switch point 206 indicates another node may now transmit in this sub-frame according to a pre-
determined schedule. As described in the ‘281 application, the switch point initiates a link
reversal or duplexing, which instructs a particular receiving second node to change into a
transmitting node and the initial transmitting node to change into a receiving node. In particular,
in one embodiment, once a transmitting node has encountered a switch point, the transmitting
node stops transmission, switches into receive mode and adjusts its local clock using the stored
initial clock offset value. A different clock offset value is then determined in response to the
ranging preamble from the particular receiving second node which is now transmitting. As
described in the ‘281 application, the switch point 206 is used to indicate a change in signal

format, which may be followed by additional information exchange 208.

[0035] Figure 2B illustrates a ranging preamble communication sub-frame 201. This
communication sub-frame is sent by the second node to the first node. The ranging
communication sub-frame includes data 212-1 through 212-N and a switch point 214.
Subsequently, additional exchange of information 216 may occur, as described in the ‘281
application. As illustrated, the ranging preamble 210 is shorter than the frame preamble 202 of
Figure 2A since the cooperating nodes have already been time-synchronized during the frame
preamble. Communication between nodes occurs without the need for additional frame
preambles, such as frame preamble 202 of Figure 2A, until the clocks of the first and second
nodes have drifted out of time synchronization. Once they have drifted out of time
synchronization another initial communication with a frame preamble, similar to frame preamble
202 of Figure 2A, is required to resynchronize the respective clocks. As those of skill in the art
will understand, there may be one or more nodes that receive the transmitted frame preamble and

perform time-synchronization of local clocks in the nodes.

[0036] The embodiment of Figure 3 illustrates a graph 300 depicting one possible set of
time relationships among and between nodes during the frame preamble, ranging preamble and

data communication signals. All possible relationships between and among nodes, such as nodes
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102 and 104-n in Figure 1, and nodes 122 and 124-n in Figure 2, are not knowable in advance,
hence it must be understood that due to the dynamic and self-configuring nature of such a
system, numerous other operation modes, in addition to the one described, are possible and are to

be included by this disclosure.

[0037] The embodiment of Figure 3, illustrates the communication between a first node
and one or more other nodes. The first node sends a frame preamble 302 and data
communications 310. In response to the frame preamble 302, one or more other nodes
synchronize local clocks when receiving the frame preamble 304 and 306. Data is then
transmitted 310 by the first node in a sub-frame. One or more other nodes receive the sub-frame
data 312 and 314. A link reversal point 320, or switch point as described in the ‘281 application,
is then reached. A selected second node is than adapted to a transmit a range preamble 322 and
data 330, and the first node is adapted to receive the range preamble 324 and data 332 in this
second sub-frame. Further, other nodes may also receive the range preamble 326 and data 334

transmitted by the selected second node.

[0038] As described in the ‘281 application, additional switch points may, or may not
occur, and communications continues using the current frame clock offsets until the necessary
time-synchronization for communications is lost 350. Following the switch point 320, each of
the nodes adapted to communicate may use the local clock in each node to determine when to
transmit according to a predetermined schedule, such than only a single node is transmitting at a
particular time. Each cooperating node utilizes the stored initial clock offset value for both
transmitting and receiving range preamble and data signals. The initial clock offset is
determined by each node during the time-synchronization performed while receiving a frame

preamble 304 and 306.

[0039] Due to the physical separation of nodes in a wireless network and the finite
propagation velocity of RF waves, there will be a time delay between the transmission of a
preamble or data signal and when that signal arrives at one or more receiving nodes. In one
embodiment, two such time delays 340 and 342 are indicated in Figure 3. Time delay 340 is
proportional to the range, or distance, between Node 2 and Node 1. A different time delay 342 is
proportional to the range between Node 1 and Node N. Each of Node 1 and Node N will
determine a different clock offset value during the time-synchronization process using the Node
2 range preamble 322. Node 1 and Node N will store the determined clock offset value, for use

in determining the range between each of these nodes and the transmitting Node 2. As will be



10

15

20

25

30

WO 2007/127721 PCT/US2007/067282

11

understood by those of skill in the art, each cooperating node may transmit a ranging preamble or

be the initial communicating node as described in the ‘281 application, all without limitation.

[0040] Figure 4 illustrates an exemplary relationship among the clock offsets determined
and used by each node. Those of skill in the art will understand the exemplary relations may be
extended to more than two nodes, by considering each unique pair of nodes in the system. As
described in the ‘281 application, Node 1 is the initial communicating node 402, transmitting at
least a frame preamble 410 and possibly data. During such transmissions, Node 1 uses a pre-
determined clock offset, for example, a value of zero as shown for Frame Preamble Tx 420.
Another node, such as Node N 404 is adapted to receive the frame preamble and determine an
initial clock offset 410 value of R(N) 420 necessary to time-synchronize with Node 1. As
described above, the initial clock offset R(N) 420 is proportional to the distance between Node 1
and Node N, and is stored by Node N.

[0041] In accordance with a pre-determined schedule Node N will transmit a ranging
preamble 414, using the initial clock offset value 430 to maintain time-synchronization with
Node 1. Due to the physical separation between Node N and Node 1 and the finite propagation
velocity of RF waves, there will be a time delay between Node N transmitting the ranging
preamble 414 and Node 1 receiving the ranging preamble. Node 1 will perform a time-
synchronization process using the ranging preamble 414 transmitted by Node N, and determine a
clock offset R(N) 432 which is proportional to the distance between Node N and Node 1. Node
1 then stores the clock offset value R(N) 432, and computes a range value by determining the
difference between the initial clock offset 420 and the ranging clock offset 432. Node 1 then
reloads the clock offset with the stored initial clock offset to resume time-synchronized

communications with other nodes.

[0042] Referring to Figure 5, a processing flow diagram 500 of the system of one
embodiment is illustrated. The processing diagram begins by time-synchronizing the
cooperating nodes (502), as described in the ‘281 application. Once the nodes have been
synchronized, data is exchanged with the transmitting node, such as a ranging schedule (504).
Subsequent to a switch point, the ranging application is performed (506), with each node acting
in turn as described above. Upon completion of the ranging application (508), other information
may be exchanged (510) as described in the ‘281 application, until the data is exchanged or time-
synchronization necessary for data communications has been lost (512). The process then

repeats as necessary. As will be understood by those of skill in the art and described in the <281
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application, each communications frame period may be used by the cooperating nodes for

different purposes, as determined by the initial communicating node.

[0043] Figure 6A illustrates one embodiment of a flow diagram for the initial
communicating node, as described by the ‘281 application. In one embodiment, the initial
communicating node first stores an initial clock offset (602), then transmits a frame preamble
(604) to be used by other cooperating nodes to each determine and store an initial clock offset
value. The initial communicating node may then exchange data and other information (606),
such as a ranging schedule, with other nodes. The initial communicating node then issues a
switch point, as described in the ‘281 application, to initiate a ranging application (608). The
initial communicating node than changes to receive mode (610) to participate in the ranging

application.

[0044] In a step (612) the initial communicating node receives a ranging preamble from
another node selected to transmit, and computes a range (614) between the transmitting node and
the initial communicating node using the stored initial clock offset and the clock offset
determined in a step (612). The initial communicating node then stores (616) the clock offset
determined from the ranging preamble from the node selected to transmit a ranging preamble.
The initial communicating node then reloads the clock offset value with the initial clock offset
value (618) to continue time-synchronized communications with other cooperating nodes (620).

As described in the 281 application, other information may continue (622).

[0045] Figure 6B illustrates one embodiment of a flow diagram for nodes other than the
initial communicating node described in the ‘281 application. Each such cooperating node
receives and time-synchronizes (630) using the frame preamble transmitted by the initial
communicating node. The determined initial clock offset value is stored by each node (632).
Per the ‘281 application, other data exchange may occur, such as a ranging schedule (634),
followed by a switch point transmitted by the initial communicating node and received by the
other nodes to initiate the ranging application (636). Each node remains in the receive mode

except for the time period determined by the ranging schedule (638).

[0046] While in receive mode each node receives a ranging preamble from one or more
other nodes in accordance with the ranging schedule and time-synchronizes the local clock in the
node (640). Since all cooperating nodes have been time-synchronized to a single clock from the
initial communicating node, the determined ranging clock offset, R(N), is proportional to the

distance between the node transmitting the ranging preamble and the receiving node, and is
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stored (642). The range between the transmitting and receiving nodes is then computed (644)
and provided to other applications processed on the node. Each receiving node then reloads the
clock offset with the initial clock offset (646), and checks for completion of the ranging
application (648).

[0047] When the scheduled time for a node to transmit a ranging preamble is reached
(638) the node changes to transmit mode, still using the initial clock offset value from (632).
The node then transmits the ranging preamble (652) and any ranging data (654) which may
include, but is not limited to, a unique node identification value. The node then changes back to
receive mode (656), and determines whether the ranging application is completed (648). As
described in the ‘281 application, other information exchange may continue (660) within the

frame started by the initial communicating node.
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CLAIMS
What is claimed is:
1. A method of communication between two or more nodes (102, 104-N), the

method comprising:

synchronizing the two or more nodes with a frame preamble (202)in an initial
communication frame (200);

exchanging subsequent data communications between the two or more nodes
without additional frame preambles until a special re-synchronization switch point
occurs(608);

exchanging a ranging schedule (504) between the two or more nodes;

exchanging ranging pulses (506) in subsequent communication frames (201)
between the two or more nodes based on the ranging schedule (504); and

determining distances between the nodes based on the ranging pulses (506).

2. The method of claim 1, wherein synchronizing the two or more nodes with a
frame preamble further comprises:
synchronizing local clocks in each of the two or more nodes pursuant to

information in the frame preamble (630).

3. The method of claim 1, wherein exchanging the ranging schedule between the
two or more nodes further comprises:

embedding the ranging schedule in data transmitted between the nodes (204-N).

4. The method of claim 1, wherein the subsequent communications frames include

ranging preambles (210).

5. The method of claim 4, wherein the ranging preambles (201) are of a shorter

duration than the frame preamble (202).

6. The method of claim 1, wherein determining distances further comprises:

storing an initial clock offset value (602);
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receiving a ranging pulse from an associated node (610);
measuring the clock offset associated with the received ranging pulse (612);
determining the difference between the initial clock offset and the measured clock
offset (614); and
5 using an estimated propagation velocity of the ranging pulse and the determined

difference in clock offset to determine a distance between the associated nodes.

7. The method of claim 1, further comprising:
exchanging ranging data (622).
10
3. The method of claim 7, wherein the ranging data (622) further comprises:

unique node identification values.

15
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