wo 2017/180705 A1 [N I 000000 OO0 O

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

19 October 2017 (19.10.2017)

WIPOIPCT

(10) International Publication Number

WO 2017/1807035 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

International Patent Classification:
HO4L 1/00 (2006.01) HO4L 12/28 (2006.01)
HO4L 12/24 (2006.01) HO4W 4/00 (2009.01)

International Application Number:
PCT/US2017/027141

International Filing Date:
12 April 2017 (12.04.2017)

Filing Language: English
Publication Language: English
Priority Data:

62/321,932 13 April 2016 (13.04.2016) US
Applicant: NORTHWESTERN UNIVERSITY

[US/US]; 633 Clark Street, Evanston, Illinois 60208 (US).

Inventor: GUO, Dongning; 1302 W. Fletcher St., unit 3w,
Chicago, lllinois 60657 (US).

Agents: KALAFUT, Christopher L. ¢t al.; Bell & Man-
ning, LLC, 2801 W. Beltline Hwy., Ste. 210, Madison,
Wisconsin 53713 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

(84)

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: SYSTEM AND METHOD FOR MULTI-USER TWO-WAY RANGING

110n

120

105

Transceiver

125

Processor

130

Memory

Device ID

Operating Logic

\

134

| 140

Fig. 1

(57) Abstract: A node in a wireless network includes a memory, transceiver, and processor operatively coupled to one another. The
memory stores a signature of the node. The transceiver is configured to transmit, during an initial frame, the signature to one or more
neighboring nodes, and receive, during the initial frame, a first signal that includes one or more signatures of the one or more neigh -
boring nodes. The transceiver is also configured to transmit, during a repetition frame, a scrambled waveform of the first signal re-
ceived during the initial frame, and receive, during the repetition frame, a second signal that includes a retransmission of signals re -
ceived by the one or more neighboring nodes during the initial frame. The processor is configured to determine a distance from the
node to each of the one or more neighboring nodes based at least in part on the first signal and the second signal.
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SYSTEM AND METHOD FOR MULTI-USER TWO-WAY RANGING

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the priority benefit of U.S. Provisional Patent App.
No. 62/321,932 filed on April 13, 2016, the entire disclosure of which is incorporated by

reference herein.
GOVERNMENT LICENSE RIGHTS

[0002] This invention was made with government support under CCF1423040 awarded

by the National Science Foundation. The government has certain rights in the invention.
BACKGROUND

[0003] Location awareness in a wireless network refers to the ability of nodes in the
network to know their locations and/or the locations of neighboring nodes. Such location
awareness, which is also referred to as ranging, is very important in networks where nodes have
mobility, such as vehicular networks, navigation networks, mobile ad hoc networks, sensor
networks, cellular networks, the Internet of Things networks, etc. The awareness of location can
be used for a variety of different purposes and applications, including collision avoidance,

ensuring adequate node coverage in a given area, proximity sensing, etc.

SUMMARY

[0004] An 1llustrative node in a wireless network includes a memory, a transceiver, and a
processor operatively coupled to one another. The memory is configured to store a signature of
the node. The transceiver is configured to transmit, during an initial frame, the signature of the
node to one or more neighboring nodes, and receive, during the initial frame, a first signal that
includes one or more signatures of the one or more neighboring nodes. The transceiver is also
configured to transmit, during a repetition frame, the first signal received during the initial frame,

and receive, during the repetition frame, a second signal that includes a retransmission of signals
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received by the one or more neighboring nodes during the initial frame. The processor is
configured to determine a distance from the node to each of the one or more neighboring nodes

based at least in part on the first signal and the second signal.

[0005] An 1llustrative method includes transmitting, by a transceiver of a node during an
initial frame, a signature of the node to one or more neighboring nodes. The method also
includes receiving, by the transceiver of the node during the initial frame, a first signal that
includes one or more signatures of the one or more neighboring nodes. The method also
includes transmitting, by the transceiver of the node during a repetition frame, the first signal
received during the initial frame. The method also includes receiving, by the transceiver of the
during the repetition frame, a second signal that includes a retransmission of signals received by
the one or more neighboring nodes during the initial frame. The method further includes
determining, by a processor of the node, a distance from the node to each of the one or more

neighboring nodes based at least in part on the first signal and the second signal.

[0006] Other principal features and advantages of the invention will become apparent to
those skilled in the art upon review of the following drawings, the detailed description, and the

appended claims.
BRIEF DESCRIPTION OF THE DRAWINGS
[0007] Illustrative embodiments of the invention will hereafter be described with

reference to the accompanying drawings, wherein like numerals denote like elements.

[0008] Fig. 1 1s a block diagram of a wireless communications network in accordance

with an illustrative embodiment.

[0009] Fig. 2 is a diagram depicting an initial frame and a repetition frame for a two node

network in accordance with an illustrative embodiment.

[0010] Fig. 3 is a flow diagram depicting operations performed by a two-way ranging

system in accordance with an illustrative embodiment.

[0011] Fig. 4 is a diagram illustrating a simulated estimation error for relative delays and
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a calculated lower bound for varying values of frame length in a 200 node network in accordance

with an illustrative embodiment.

[0012] Fig. 5 is a diagram illustrating the simulated estimation error for the relative
delays and the calculated lower bound for varying values of frame length in a 300 node network

in accordance with an illustrative embodiment.

[0013] Fig. 6 1s a table that displays the average number of neighbors for the simulations

set forth in Fig. 4 and Fig. 5, in accordance with an illustrative embodiment.
DETAILED DESCRIPTION

[0014] Existing network localization techniques typically use sequential signaling
schemes where one pair of nodes communicate to determine their distance at a time. Such
sequential signaling schemes take a significant amount of time and result in a high ranging
overhead in large networks where many nodes are within range of each other. As a result,
existing techniques suffer from a lack of scalability. In addition, the problems of high overhead
and time consumption in existing schemes are exacerbated in networks where the nodes are

highly mobile because location awareness calculations are on-going.

[0015] Described herein are systems, methods, and logic that provide a highly scalable
location awareness solution for wireless network applications. Specifically, the proposed
location awareness solution allows all nodes in a network to have location awareness after just
two frames of transmission. In the first frame of transmission, all nodes transmit their respective
signatures and receive transmitted signatures (in the form of a superposed signal, assuming full
duplexing) from all nodes in range. In the second frame of transmission, all nodes transmit what
they have received in the first frame multiplied by a scrambling sequence, and this second set of
transmissions is also received by all nodes in range as a superposed signal. By the end of the
second frame, every node can estimate not only its distance to all nodes within range, but also
the distances between neighboring nodes which are within range of each other. To make
distance estimates between two nodes, one technique involves using the round trip time (RTT) to

estimate delay between two nodes, from which distance can be determined. Another technique
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uses the received signal strength to estimate the delay between the two nodes. The proposed

scheme is highly scalable, and has been validated using simulation.

[0016] Many of the multiuser ranging schemes described herein assume all nodes are
capable of in-band full duplexing. Full duplexing, as used herein, refers to a node both
transmitting and receiving on the same frequency band during the same time frame. In the past,
the half duplex constraint of wireless communication was taken to be a fundamental limit.
However recent research breakthroughs have shown that in-band full duplexing is viable in
commercial wireless networks. For example, there are multiple proposed methods on how to
achieve full duplexing using self-interference cancellation or virtual full duplexing using rapid-
on-off. As it is not relevant to the schemes described herein, the specific method by which full
duplex 1s achieved is not discussed further. Moreover, as discussed below, the proposed location

awareness schemes can be used for localization purposes even if the nodes are half duplex.

[0017] The proposed schemes are shown to have lower costs than the traditional
solutions. For example, to achieve similar performance to the proposed signaling scheme using a
tradition solution, it takes about 19.2 microseconds to estimate one pairwise distance. Even in a
moderate size network of 25 nodes, this traditional solution requires 11.52 milliseconds for all
the nodes to obtain direct distance estimates to all other nodes. Conversely, in the same network,
the solution proposed herein takes about 1 millisecond for all nodes to obtain estimates of every
in range pairwise distance. The proposed scheme differs from existing ranging schemes by
allowing nodes to also estimate the distances between neighboring nodes rather than just its own
distance to a neighboring node. Additionally, the decrease in cost becomes potentially even

greater for larger networks which is pivotal for future systems due to the node densities expected.

[0018] Figure 1 is a block diagram of a wireless communication network 100 in
accordance with an illustrative embodiment. The wireless communication network 100 includes
a communication device (or node) 105, which can be a mobile phone, a tablet, a personal digital
assistant (PDA), a laptop computer, a desktop computer, a gaming device, a vehicle, a sensor,
etc. In addition to communication device 105, the wireless communication network 100 also
includes communications devices (or nodes) 110a-110n, where n can be any number of devices.
As depicted in Fig. 1, the communication device 105 is in direct communication with

4
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communication devices 110a-110c, communication device 110¢ 1s in direct communication with
communication devices 110d and 110f, the communication device 110e is in direct
communication with communication devices 110d and 110f, and the communication device 110f

1s also 1n direct communication with the communication device 110n.

[0019] The communication device 105 includes an antenna 115, a transceiver 120, a
processor 125, and a memory 130. It is to be understood that in practice, the communication
device may include additional components such as a power source, a display or other user
interface, a keyboard, etc. The communication devices 110a-110n can be the same as or

different from the communication device 105, depending on the implementation.

[0020] The antenna 115 of the communication device 105 1s configured to receive and
transmit wireless signals, and is operatively coupled to the transceiver 120. The transceiver 120
allows the communication device 105 to formulate wireless transmissions, and to
transmit/receive via the antenna 115. In an alternative embodiment, instead of a transceiver, the
communication device 105 may include a separate transmitter and receiver. The processor 125
is operatively coupled to the transceiver 120 and to the memory 130, and is used to execute
operating logic 140 stored in the memory 130. The processor 125 can be any type of processor
known to those of skill in the art. The memory 130, which can be any type of memory/storage
known to those of skill in the art, includes a device identifier (ID) 134 and the operating logic
140. The device identifier 134 can be a signature or other identifier which can be used to
uniquely identify the communication device 105. The operating logic 140 can include computer-
readable instructions which, upon execution by the processor 125, perform any of the operations

described herein with respect to location awareness.

[0021] The wireless communication network 100 of Fig. 1 can be any type of wireless
network, and may be used for tracking objects and/or people, military applications, vehicular
applications, cellular communication, building monitoring, emergency location of accident or
disaster victims, radio frequency identification (RFID) tag applications, inventory management,
etc. The communication devices 105 and 110a-110n can communicate with one another via any
wireless signal type, such as Radio Frequency (RF), InfraRed (IR), acoustic signal waveform
(sonic and/or ultrasonic), visible light, and/or other varieties. In addition to wireless

5
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communication links/interfaces, some or all of the communication devices may also be equipped
with wired communication links/interfaces. Communications between the communication

devices of Fig. 1 can be direct and/or multi-hop, depending on the implementation.

[0022] A goal of the proposed scheme is for a given node to be able to compute the
location of all nodes which the given node can reach in a network such as the communication
network 100 of Fig. 1. Each of the n nodes (or communication devices) in a network is

considered to have a respective position X1, ..., X,, where x, € R*. In an illustrative

embodiment, at least a portion of the n nodes are anchor nodes whose positions are known to all
nodes in the network. If a node does not know the location of at least 3 anchor nodes within
range, that node can communicate with other nodes to obtain their position information.
Additionally, all of the n nodes are assumed to be capable of full duplexing. A half duplex

embodiment of the proposed scheme is also discussed below.

[0023] For nodes 1 and j, the distance between them is denoted as dj. By convention,

when there are two indices in a subscript herein (e.g., 7,), the first index is the receiving node’s

index and the second index is the transmitting node’s index. The propagation delay from node 1

to node j, which is denoted by 7

;» 15 equal to one half of the round trip time (RTT). This
propagation delay can be used to directly compute the distance between the nodes due to the
bijective nature of the two quantities. More specifically, the distance d;j between nodes 1 and j is

related to the propagation delay as follows: 7, =7, =d, /c, where c is the wave propagation

velocity. Thus, the distance between nodes can be estimated based on the time that it takes to

transmit a signal between the nodes.

[0024] Each node has its own internal clock with an associated oscillator. Different
oscillators drift apart over time and this causes clock offsets between nodes. These clock offsets
cause each node to have its own time axis, which may be different from the absolute time. The
time axis differences are accounted for by adding the proper offsets to any signal. For example,

let 7, represent the clock offset (or delay) of node 1 from absolute time (the offset can be

negative). To ease notation, the following relation 1s used:
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Eq. (1) 0,=17,+7,-1,,

which denotes the offset of node 1 as perceived at node j. In particular, if node 1 transmits a pulse

at time t according to its own clock, node j receives the pulse at time ¢+ 0, according to node j’s

own clock. It is assumed that the offset between all pairs of nodes within range of each other is

upper bounded by some &, >0,1ie.,|d,[<0J,, foralliandj. For purposes of the present

description, it is also assumed that there are no frequency differences in the clocks of different

nodes and all signals are considered to be real valued.

[0025] Forevery j=1,...,n, node transmits its signature s () , which has unit power

spectral density (PSD) over its bandwidth, beginning at time zero according to its own time axis.
It is assumed that all nodes know (or are able to determine) the signatures of all other nodes in
the network. All the signatures of the various nodes are of identical length, referred to as the

frame length 7))0

max °

The signatures are chosen to be orthogonal or nearly orthogonal, and

furthermore, for every j the autocorrelation function r s ,()s,(t+0)t vanishes quickly as &

deviates from 0. In an illustrative embodiment, the signature of a node can be a random
sequence of Hi/Lo voltage values, where the random sequence includes, for example, 1000
values. Other sized sequences may also be used for the signature. The signature can be
generated at a remote site and provided to the nodes. Alternatively, the signature can be
determined by the node based on, for example, a node identifier of the node. Sufficient guard
time is included in a frame to accommodate all signatures with offsets. The continuous-time

received signal at node 1 (according to node 1’s time axis) can be written as:

Eq. (2) 2 0=3Jr,5,a=6)+n),
jell
where |, = {1,...,n}\{i}, n,(¢) is an additive white Gaussian noise process with unit PSD, %,

denotes the received signal-to-noise ratio (SNR) of node j’s signal at node 1, and /7, follows a

log-normal distribution due to shadowing. It is assumed that all the signature and noise

processes are independent.
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[0026] The relative delays between the nodes, and therefore the distances between them,
can be estimated using the received superposition of the delayed signatures. Without loss of

generality, the problem faced by node i is to estimate delays ¢, for all je |, based on the

received signal y,(¢) given by Eq. (2). One formulation of this estimation problem is:

Eq. (3 inimize[ (y,(1)=Y A7, 5, (t=5,))t
Q. (3a) minimize[ (1) 275,=8)
Eq. (3b) subjectto — 0 <8, <0, Vi€l
[0027] This optimization problem is difficult to solve directly. However, described

herein is an algorithm using successive cancellation that can be used to solve the problem
practically. In the successive cancellation algorithm, yet to be canceled signals are treated as

white Gaussian noise. The algorithm can be written as follows:
1. Initialization: r(¢) < y,(¢).
2. for j=1,....n, j#I do

3. Estimate 5’,./. as the maximizer of the correlation of s, (1 - 5‘,].) with 7(f).

4. Estimate ,/7, as the resulting correlation.

5. r(t) — () =47, 5,(t=5,).
6. end for

[0028] The use of successive cancellation in this algorithm 1s not fundamental to delay
and distance estimation. For example, an alternative algorithm could be designed which
removes step 5 from the algorithm above. The proposed scheme is discussed below both without

successive cancellation, and with successive cancellation.

[0029] A limiting factor of any one-way ranging delay estimation technique is the fact
that the clock offsets may provide significant degradation to the estimates made. If the

uncompensated relative clock offset | 7, — 7, | is not much smaller than 7, then it will cause the

8
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estimate to be in error as is the case in many practical systems. To account for these clock

offsets, two-way ranging can be performed and the RTT is then estimated based on the following

observation:
Eq. (4) S, +8,=21,.
[0030] If the nodes and links form a connected planar network and every node is within

range of at least three anchors, then triangulation is feasible. Once a node obtains all pairwise
distances of nodes within its range, it can compute its own location by also using the known

positions of the anchor nodes.

[0031] The two-frame signaling scheme used to perform ranging is discussed below in

more detail. In the following discussion, the signatures sent by each node s,(¢) fori=1,...,n,

are considered to be independent Gaussian random processes with zero mean and unit PSD over
their bandwidth of B Hz, and zero power elsewhere. Additionally, in the following discussion,

signals are written according to the receiving node’s time axis.

[0032] In the straightforward case of two nodes, each node transmits its signature during
the initial frame and due to its full duplex capability the node also receives a transmitted
signature from the other node at the same time (subject to propagation delay). Then each node
repeats what it received in the initial frame during the repetition frame. At the same time during
the repetition frame, the node receives the repetition from the other node, and therefore receives

its own signal back. This allows for the RTT to be estimated from the perspective of each node.

[0033] Fig. 2 1s a diagram depicting an initial frame 200 and a repetition frame 205 for a
two node network in accordance with an illustrative embodiment. The initial frame 200 of Fig. 2
shows the received signals at each of the two nodes according to its own time axis. A time axis
210 1s the time axis of the first node, and a time axis 215 is the time axis of the second node. It
can be seen that the time axes of the first and second nodes do not exactly line up due to the
above-discussed clock offsets which are inherent in network devices using oscillators to keep
time. In the initial frame 200, the first node receives a signal y;(t) (from the second node) and

the second node receives a signal y,(t) (from the first node). In the repetition frame 205, the first
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node receives a signal z;(t), which 1s the transmission of y»(t) from the second node. Also in the
repetition frame 205, the second node receives a signal zy(t), which is the transmission of y;(t)
from the first node. The line 220 represents RTT; plus frame length, and the line 225 represents
RTT; plus frame length.

[0034] For simplicity, the network is considered to be noiseless, and it i1s assumed that

7, =1 forall 7, j. The signals received in the initial frame 200 can be written as:

Eq. (5) (1) =s,(t=4,,), and
Eq. (6) Y, () = s5,(1=5,)).
[0035] The signals received during the repetition frame 205, which 1s shifted by one

frame duration for simplicity, can be written as:

Eq. (7) z,(t)=y,(t-9,,), and

Eq. (8) z,()=y,(t=9),).

[0036] Combining Eqs. (5)-(8), it follows that:

Eq. (9) z,(t)=s,(t—21,,), and

Eq. (10) z,(t)=s,(t —21,).

[0037] This shows that the signals received in the repetition frame are only delayed by

the RTT and do not depend on the clock offsets of the nodes. RTT estimates can then be made

from z,(¢) and z(t) after only two frames.

[0038] A problem arises if one attempts to directly extend this signaling idea to the case
of three or more nodes. Specifically, if a node receives multiple repetitions of its own signal in
the second frame, the node cannot distinguish which copy came from which neighboring node.
As a result, in cases with 3 or more nodes, the system is designed such that nodes scramble the
initial frame that they receive before they repeat it. This scrambling process is described in the

context of a three node system for simplicity. A scrambling waveform can be formed on the

10
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basis that N =76B (this 1s assumed to be an integer value), I1(7) is equal to 1 for 0<7< QLB and

zero elsewhere (representing a rectangular pulse), and b,[k] 1s a discrete train of independent

bipolar (x1) pulses for k£ =1,..., N. Each node can then have a scrambling waveform b,(7),

which 1s defined as:

Eq. (11)

[0039]

RN _k
am—g?mmy ol

In Eq. (11), 8< (0,1) 1s a design parameter which controls the approximate

bandwidth of the scrambling waveforms. All scrambling waveforms are assumed to be known

by all nodes in the network.

[0040]
Eq. (12)
Eq. (13)
Eq. (14)
[0041]
Eq. (15)
Eq. (16)
Eq. (17)

[0042]

Eq. (18)

[0043]

In this three node case the received signals in the initial frame can be written as:
(1) =5,(t=0,) +5,(1 = 3),
Y, () =s,(t-0,)+s,(t—9,),and
y;(0)=s8,(t—0;,)+5,(t—05,)).

The received signals in the repetition frame then become:

2,(6)=b,(t = 0,)y,(t = 0,) + b,(t —0,3) ¥, (t = F3),
z,()=b,(t—0,)y,(t— 0, +b,(t = 0,,)y,(t—0,,), and
2,(8) =b,(t—0,,) ¥, (t = O3,) + b,(t — 05y, (t — 05)).

Expanding z,(¢) out it can be shown that:

z (1) =b,(t—0,)s(1—21,)
+b,(1=6,,)s8,(1-217;,)
+b,(1=0,,)8,(t=0,,—6,,)
+b,(1=6,5)8,(t = 63, = 63).

It is apparent that node 1 receives multiple copies of s,(7), each of which is

11
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scrambled differently. After the initial and repetition frames have been transmitted and received

at all nodes, the scheme moves into the estimation stage.

[0044] From y,(¢) node i can obtain the relative delay estimate ¢, forall j#i. Using

the timing estimates from the initial frame, each node can descramble the signals from all other

nodes it hears. The variable 7, () is used to denote the signal received by node 1 and

descrambled using node j’s scrambling waveform. The descrambled version of the signal

received by node 1 can therefore be written as follows:

Eq. (19) 1, () =b,(t—0,,)z,(t)

Eq. (20) =y,(t—0y,) +b,(t=0,,)b,(t —=3,,)y,(t —J}3)

Eq. (21) =85, —27,)+ 8,(t—=0,, —0,) + b,(t = 0,,)b,(t = 0,,)y,(t = 3;)
[0045] It also follows that:

Eq. (22) 1 (1) = 5,(t=275)+5,(t=0;, —0p3) + b, (1 = 0,,)b,(t = 0,,) y, (t = 0},).
[0046] Based on the above equations, it then becomes straightforward to write the other

descrambled signals. In an illustrative embodiment, the last term in Eqs. (21) and (22) can be
treated as noise in order to make the desired estimates. This shows how in combination with the
technique developed in the two node setting that each node can estimate the distance to all other
nodes in its range within two frames. In fact, node 1 can estimate the distance between nodes 2
and 3, because it can calculate J,, +J,, by estimating 0,,, 05, 0,; + J,,, and J,, + J,; from the
received signals in Eqs. (12), (21), and (22). It is noted that scrambling increases the bandwidth

of a signal. For example, the bandwidth of z,(¢) in the repetition frame is approximately

(1+6)B.

[0047] The preceding concepts discussed above in the context of 2 and 3 node networks
can now be extended in a straightforward manner to a network of n nodes, with noise and
channel gains included. Node 1’s received signals during the initial frame and repetition frame

can be written as y, () given by Eq. (2) and

12
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Eq. (23) 2(0)= X \f7,b,(t=8,)y,(t=6)+n(1),

j€|l

respectively, where n(¢) is identically distributed as n,(¢) and is independent of all signatures

and other noise processes.

[0048] Any receiving node in the network is able to descramble the received signal using
the scrambling waveforms and then use the descrambled signals to estimate the delays. The
proposed two-frame signaling scheme thereby allows all nodes in a network to estimate all

pairwise distances within the node’s range.

[0049] Although the above discussion assumed that all nodes were capable of full duplex
communications, the proposed ranging scheme does not inherently require full duplexing. Under
the half duplex constraint, the scheme can be modified slightly to still allow for much of the
functionality using either frequency division or time division duplex. For example, there may be
two non-overlapping frequency bands f, and f,, and one half of the nodes belong to class A
and the other half belong to class B. During the initial frame, the class A nodes transmit on
frequency band f, and receive on frequency band f, while the class B nodes do the opposite.
Then during the repetition frame the class A nodes transmit on frequency band f, and receive
on frequency band f, while again the class B nodes do the opposite. Using this frequency
division, class A nodes are still able to perform the ranging scheme with all class B nodes that

are within range (similarly for class B nodes within range of class A nodes).

[0050] This modified half duplex scheme still allows for a node to estimate its distances
to approximately half of the nodes that are within its range and obtain ranging estimates on any
pair of nodes of the opposite class that are with its range. The half duplex scheme still does not
require additional scheduling outside of the common two frames, while allowing for multiuser

ranging to be used.
System Implementation Without Successive Interference Cancellation

[0051] The ranging schemes described herein can be performed with or without

successive interference cancellation. Included below 1s a discussion of schemes that do not use

13
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such successive interference cancellation. The variance of the delay estimates made in both the
initial frame and the repetition frame are lower bounded, and the scaling properties of the bounds

are analyzed with respect to the network size. For simplicity, the following scheme is adopted.

After the initial frame, node 1 estimates 5‘,]. for every jel . After the repetition frame, node 1

then estimates & ., forevery jel, . All the interferences at the receiving node are treated as
independent Gaussian noise.

[0052] A well known result in estimation theory is known as the Cramér-Rao lower

bound (CRLB), and is stated below as Theorem 1.

[0053] Theorem 1: Let x be an N-point data set which depends on an unknown

deterministic parameter @where N is a positive integer. It is assumed that the PDF p(x,6)
satisfies the regularity condition that:

dln p(x,6)

Eq. (24) B

1=0

for all 8, where the expectation is taken with respect to p(x,8). The variance of any unbiased
estimate & must satisfy:

1
0> In p(x,6),’
06’ :

Eq. (25) Var() =

_E[

where the derivative is evaluated at the true value of 8 and the expectation is taken with respect
to p(x,6).

[0054] Another established theorem, which can readily be proven, is as follows.
Theorem 2: Let s(¢) be a known signal which is zero for all 7#& (0,7") with Fourier transform
S(w). The received signal model is given as r(¢)=s(t —0)+ N(t), where 0 is an unknown
delay which is to be estimated, there exist finite M such that 0< 0 <M , and N(¢) is a white

. . . N I ¢ .
Gaussian noise process with PSD 70 for {:0<t<T+M}. Let P, = ?J.O s*(t)dt be the signal

14
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1 = 1 = 3 .
power and /3 = [—I @ | S(w)|* o —I | S(w)|> w]* be the root-mean-square signal
2o 27w

bandwidth. Based on r(¢) for 1€ (0,7 + M), the variance of the estimated delay, S, is lower

bounded as:
a N
Eq. (26 Var(d) = =L
q. (26) Dz
[0055] Delay estimation errors are now discussed. From Eq. (2), it can be seen that the

total additive noise plus interference process at node j while estimating the relative delay to node
has a flat PSD equal to 1+ del,j%k’ where |, ={1,...,n}\{i, j}. Using the CRLB, the variance
of the initial frame estimates can be bounded.

[0056] Proposition 1: Assuming interference is treated as Gaussian noise, in the initial

frame at node 1 the variance of the estimate for the relative delay to node j is lower bounded as:

1+ Z%k

n 12 kel )
Eq. (27) Var(o,)2v, = 5 -—y’, Viel.
[0057] This proposition can readily be proven. It is next assumed that Eq. (27) is

attainable in order to lower bound the variance of the estimates made in the repetition frame.
This allows the system to provide a lower bound for the estimates in the repetition frame

assuming the best case estimation in the initial frame. It is also known that the random variable

d, can be treated as a Gaussian random variable with mean ¢, and variance v,. After

descrambling using node j’s scrambling sequence at node 1, it can be shown that:

Eq (28)  b,(t=8,)z,(1)=b,(t=6,) X [y, b,(t=8,)y,(t=38,)+n(1))

j€|l

Eq. (29) =y,b,(t=3,)b,(t=6,)s,(1-27,)

+J7,6,(=6)b,(t=5)( X [V, 8.t =8, =5, +n,(1=5,))
keli,j
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+b,(t=38,) Y. 7ot =83y (t=8,)+b (1=, ), ().

kel. .
1

[0058] It can be seen from Eq. (29) that b, (¢ — 5:]. )b, (t=05) is an important term. This

A

term is dependent upon the value of &, , which is a random variable itself. The variable 5‘,]. can

be treated as a Gaussian random variable with mean &, and variance equal to Eq. (27).

[0059] Proposition 2: Let
Eq. (30) px)= erf(lj . (l —e )
: o Iy :
[0060] Then the average autocorrelation function of the scrambling waveform can be

expressed as E[b, (1 - 5’,} )b,(t=06,)]= p(6B4/2v,) . This proposition can readily be proven. The

following analysis is performed to determine the average behavior.

Eq. (31) c(t) = 7,p(6B[2v, )s,(t = 21,) + 7, (1= p(BB\[2v, ))s! (1 - 27,)
+ 7, POB 20, )X [V, 5:(t=8,,=8,)+n (1=5,))

+ 7, (= pBB v )X \[7,sf (t=8,, = 8,)+n’ (1=5,))

+b,(t=38,) Y 7 b (t=38,)y (t=8,)+b, (t=5,)n,(t),

keli,j

where s7(1—217,) is a scrambled version of s,(1—27;) (i.e., uncorrelated with s,(¢)). Nextitis
noted that this term, c(¢), can be broken down to a known signal of interest with a random delay

and an interference plus noise term. Therefore, it follows that:

Eq. (32) c(t)= f(1-21,)+w(r)
where
Eq. (33) f=27,))=7,p(6B[2v,)s,(t -27,)
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Eq. (34) w(t) = 7, (1= p(6B[2,)s! (t = 27,)+b,(t—= 5, )n, (1)
+ 7, PEB 20 Y [V (t=8,=8,)+n,(1=5,))

+ 7, (1= pBB 2y (X \[V,sf (t=8,, = 8,)+n? (1=5,))

+b,(t=38,) Y bt =3,)y, (t =5,).

keli,j

[0061] It is noted that if w(¢) is treated as Gaussian noise that it has a non-flat spectrum

and 1s therefore a colored Gaussian noise. A common practice in communication systems to deal

with colored noise is to use a whitening process. Let S, (@) be the power spectral density of

w(t) and let W (w) be the Fourier transform of w(z). Then the whitening process is represented

by applying a filter with power spectral density S (@) = . The purpose of the whitening

1
Sy ()
filter 1s to make the spectrum of the whitened interference plus noise term flat. The whitened

received signal is then represented as:
Eq. (35) c()*gt)= f(t-27,)* g()+w()* ().

[0062] Therefore, there is a known signal f(7—27,)* g(7) in Eq. (35) plus an

uncorrelated white Gaussian noise. If G(@) is the Fourier transform of g(7), Theorem 2 can be
used to state the following result as Proposition 3.
[0063] Proposition 3: Assuming the interference is treated as Gaussian noise and the

scrambling process achieves sufficient de-correlation, then in the repetition frame after the

whitening process the variance of the estimate of the delay made at node 1 is lower bounded as:

A 1
Eq (3 6) Var(Tij) > W s
FEf

E o

for every jel. Where P, =—L= f()*g(t))’dt, is the length of f(t—27,)*g(1),
4 f T 0 iy
S

1
Tf
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1
B, =[2i [ @ | F@G@)r ayzi [ |F(@)G(e) ), and F(w) is the Fourier transform of
/A Y/t

AOR

[0064] Proposition 3 can readily be proven. When Gaussian signatures are used and all
interferences are treated as white Gaussian noise, Eqs. (27) and (36) are in general a good

approximation for the minimum mean square errors for J, and 7, respectively.

[0065] Further, while Proposition 3 provides a computable bound, a more straightforward
formula based on key system design parameters is also desirable. When & is small enough then

an approximation can be made in calculating P, and /3, in accordance with Corollary 1.

[0066] Corollary 1: Assuming that € is small enough such that for we [-27B,27B] that
both TT(——)*sin¢? and TT(—)*sin¢’ (——) *sinc’ are approximately flat
( 478 ) ( 2768 ) (47zB ) ( 2768 ) (27z6?B ) PP Y

(1.e., constant) then Eq. (36) simplifies to

. 3
Eq. (37 Var(z,) > .
9 G7) ar(z,) 327°B*SINRT
where
> 02 eB,/zv.
Eq. (38) SINR %P ( )

0+ S 70+, (= p@B 2y )1+ 70+ 1+ S 7.7
kel.
1]

keli keli,/ lelk

[0067] A key property of the proposed schemes is the scalability with the size of the

network. To analyze the scalability, it is assumed that there exist positive constants a € (0,1)
and y such that ay <y, <y forall 7, j. Itis also assumed that 7" = n7; so that the frame length
increases linearly with n. Next, v, is taken for the lower bound on Var(éA‘,.j.) and v, is taken as

the lower bound on Var(Z,). Assuming #))1 and ny))1, it is shown that:

12

0

Eq. (39) v,
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3n
Eq. (40 v, = )
% (40) 2 32p%(6B2v) )a’ B,
[0068] Note that if 7, B))1, then p(6B4/2v,)=1. It is evident that Eq. (40) grows with n,

while the initial frame estimates are not limiting in this system. This shows that, even under the
most basic estimation scheme, the scaling is on the same order as traditional methods of ranging

and therefore the proposed two-frame scheme cannot scale any worse than traditional methods.
System Implementation With Successive Interference Cancellation (SIC)

[0069] In the discussion above, a one-shot estimation of a delay between two nodes has
been considered. In a practical system, using this method to estimate all desired delays could
potentially lead to unnecessarily large resource allocation as it would be limited by the node with
the lowest signal-to-noise-plus-interference ratio (SINR). Such a result can be avoided by using
SIC 1in addition to the proposed estimation scheme. To use SIC, a node which is performing
estimations to multiple nodes first estimates the delay to the node with the highest received SINR
and then attempts to cancel that signal from its overall received signal. The error term associated

with this cancellation is given by:

Eq. (41) e, (1) = ¥,b, (1 =38,)s,(t =2T,,) = b, (t = 8,)s,(t = 2%,,),

where 7 1s the estimated signal amplitude from node h at node 1. It is also noted that ¢, (r) can
be treated as a Gaussian interference term for subsequent estimations.

[0070] The amplitude estimation of a known signal with a random amplitude has been
studied and it i1s known that using a matched filter while sampling at the correct time is the
optimal way to estimate the signal amplitude in additive white Gaussian noise. For example, let

s(7) be a known signal of unit power on (0,7), A be a random amplitude, and n(r) be additive

Gaussian noise with PSD equal to % . If the received signal model 1s y(¢) = As(¢) +n(z) then

~ T
the simple estimate 4 = L y(t)s(1)t satisfies

19



WO 2017/180705 PCT/US2017/027141

Eq. (42) Var(4) = %

[0071] While this theorem is technically used in the case when the time of arrival 1s
known, it is a well known result that using a matched filter for the case when both the time of
arrival and amplitude are unknown is still optimal. The amplitude estimate should be made at
the time when the matched filter is at its peak. Following similar logic, the following proposition

results.

[0072] Proposition 4: Assuming interference 1s treated as Gaussian noise, in the initial

frame at node 1 the variance of the estimate for the received amplitude of node j’s signal is lower

bounded as:
1+ Z v,
kel .
Eq. (43) Var(|f7,) 2——L—, Vjel,
i
[0073] This proposition can be readily proven. For purposes of ranging, the amplitude

only needs to be estimated in the initial frame. This is due to the assumption that the coherence
time of the channel is much longer than the frame length and the reciprocity of the channel. This
is beneficial for the practical implementation of the proposed scheme. The main benefit being
that there 1s less interference during the initial frame, leading to higher quality estimates.
Additionally, this allows a node to determine which nodes are its nearest neighbors (in the sense

of which are the strongest received signals).

[0074] Now that amplitude estimation has been considered, the following discussion
covers the effect of SIC on delay estimation. In order to analyze how SIC will effect subsequent
delay estimates, one can consider the situation where node 1 first estimates the delay to node h,
cancels the signal from node h out, and then wishes to estimate the delay to node j. In sucha

scenario, Eq. (32) can be written as:
Eq. (44) ()= ft-2z,)+w'(@1),

where
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Eq. (45)

w'(1)= 7, (1= p(BB\[2v, )s! (1= 23,) +[7, POB\[2v, ) X {75t =8, =6,)+n, (1= 6,))
+ 7, (1= pBB 2y (X \[V,sf (t=8,, = 8,)+n? (1=5,))

+b,(t=8,) D Vb (t=8,)y,(t=8,)+b,(t=5,)n, (1)

Kl

+b, (1=, WVubst =3,) Y. V5, =8, =8 ) +b,(t=8,)e,, (1),

wel,
ih

and f(1-2t,) is as defined in Eq. (33). It 1s therefore important to quantify the power of e, (¢)

which is defined as F, .

[0075] Since e, (1) 1s treated as a Gaussian noise term, it is desirable to find its statistics,

which can be done using Proposition 5 below. Let v, = Var(z,).

[0076] Proposition 5: Assuming that @ is small enough, then e, (¢) 1s approximately
Gaussian with zero mean and PSD equal to £, , defined below, over the signal bandwidth B and

zero elsewhere.

Eq. (46) Ey, = 273, (1= (BB, ) )+ Var(},),
where
1
Eq. (47) Hip =
27nv,
ih
[0077] This proposition can be readily proven. Next, the same steps described above (in

the discussion of the system without SIC) are used to arrive at the corollary below.

[0078] Corollary 2: Assume that at node 1 the delay from node h is estimated, SIC 1s

performed to attempt to cancel the signal from node h, and then node 1 wishes to estimate the
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delay to node j. Assuming that @ is small enough such that for we [-27B,27B] both

w . ,, @ w . ., ® . .. W . .

IT(——)*sinc and TT(——)*sinc”(———)*sinc are approximately flat, then it

(4723) (271'03) (47ZB) (271'03 ) (271'03) PP Y
follows that:
Eq. (48) Var(z,) 2 & where

a Y 322’ B*SINR'T’

02 (6B.[2v,
Eq. (49) SINR'= 7’2/)(—,,’) and
if

Eq. (50)

Ng}'l =y, (1+ Z?/jk)-i_%j(l_p(eB'\lzvij ))2(1+27jk)+1+ Z %kz%d"'%h Z7hl+Eih~

keli,j keli keli,j,h lelk lelh,i

[0079] The same basic logic used to arrive at Corollary 1 can be used in order to get this
result. It is apparent that this result can also be easily generalized to include the case where more

than one signal has been canceled out prior to the estimation.

[0080] Fig. 3 is a flow diagram depicting operations performed by a two-way ranging
system in accordance with an illustrative embodiment. In alternative embodiments, fewer,
additional, and/or different operations may be performed. Also, the use of a flow diagram 1s not
meant to be limiting with respect to the order of operations performed. The operations of Fig. 3
are described with reference to a node n, which is a full duplex node. In an operation 300, the
node n receives information regarding the signature and/or scrambling sequence for each
neighboring node. In one embodiment, the information can be an actual signature and an actual
scrambling sequence for each neighboring node. The information can alternatively be a node
identifier or other information regarding each node, which can be used by the node n to
determine the signature and/or scrambling sequence for each neighboring node. In an illustrative

embodiment, the operation 300 1s performed during a discovery process in the network.

[0081] In an operation 305, which corresponds to an initial (or first) frame, the node n

transmits a signal to all nodes in range and (substantially) simultaneously receives signals from
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all nodes in range. The transmitted and received signals can include respective node signatures,
as discussed above. In an operation 310, the node n scrambles the signals received in operation
305. The scrambling can be performed using a scrambling waveform as discussed herein. In an
operation 315, which corresponds to a repetition (or second) frame, the node n transmits the
signals it received from operation 305 to all nodes in range, and (substantially) simultaneously
receives transmissions from all nodes in range, where the received transmissions are scrambled

retransmissions of the signals received by the neighboring nodes during the initial frame.

[0082] In an operation 320, the node n descrambles the received signals from each node
that were received in the repetition frame of operation 315. In an operation 325, the node n runs
an estimation algorithm based on the descrambled data to estimate the round trip time from the
perspective of each of the neighboring nodes. As discussed herein, the RTT can be determined
with or without the use of successive interference cancellation. In an operation 330, the node n

performs ranging based on the round trip times estimated in the operation 325.

[0083] In an alternative embodiment, received signal strength (RSS) may be used instead
of RTT to perform ranging between nodes. An advantage of using RSS is that ranging can be
performed in just a single frame, instead of two frames. For example, each node in a full duplex
system can transmit its signature to neighboring nodes and (substantially) simultaneously receive
the signatures from its neighboring nodes. The nodes can then determine the RSS of the
received signals using established techniques such as the amplitude determination discussed
herein, and perform ranging based on the determined RSS of the received signals. A
disadvantage of using RSS is that the transmit power of various nodes is typically not precisely
known, and determinations based on RSS may not be as accurate due to path loss and other

difficult to control parameters.
Simulation Results

[0084] Sample level simulations were conducted to test the performance of the scheme
proposed herein. Analog signals were approximated using sufficient samples in discrete time. A
network was simulated with one node at the center of a circular area being used as a typical case

node, with other nodes being uniformly dropped within the area around the center node. A log
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normal distribution is used for the received amplitudes, and other pertinent parameters for the
simulations include a signal bandwidth of 1 Gigahertz, an area radius of 300 meters, a sampling
rate of 5 Gigasamples per second (Gs/s), and a minimum node distance of 1 meter. In alternative
embodiments, different parameters may be used. Clocks are allowed to have offsets within the
specified range of the parameters, but are assumed to have no frequency offsets. A modest
minimum distance between nodes, 1.e., 1 meter, is assumed in the simulations in order to prevent

nodes from being almost completely co-located.

[0085] First, the bound on the relative estimates was verified by simulating the relative
delay estimate made. The same node topologies were used for the different frame lengths when
the number of nodes was the same. Fig. 4 is a diagram illustrating the simulated estimation error
for the relative delays and the calculated lower bound for varying values of frame length in a 200
node network in accordance with an illustrative embodiment. With reference to Fig. 4, the lower
bound was calculated using Eq. 27 for varying values of the frame length T. Fig. 5 is a diagram
illustrating the simulated estimation error for the relative delays and the calculated lower bound
for varying values of frame length in a 300 node network in accordance with an illustrative
embodiment. In both the simulations of Fig. 4 and Fig. 5, SIC was not used. From the results, it
can be seen that the calculated bound does in fact provide a lower bound for the estimates in the
initial frame, verifying the validity of Eq. 27. It is noted that, in the simulations, the average
number of neighbors (i.e. estimates made) varies based on the frame length used. Fig. 6isa
table that displays the average number of neighbors for the simulations set forth in Fig. 4 and

Fig. 5, in accordance with an illustrative embodiment.

[0086] The scheme was also tested by using the signals received in the initial frame in
order to estimate which nodes are the strongest neighbors. Once this is done, the repetition
frame is used to first estimate the delay to the strongest node. This signal is then canceled using
SIC as discussed above. After canceling this term, the next step is to attempt to also cancel some
non-direct terms out if appropriate. For example, there may be some strong interferers which are
present at the receiving node which are repetitions of signals sent between two other nodes in the
initial frame. As discussed above, the receiving node can estimate the relative delay between

those nodes and therefore can still attempt to cancel such terms. Once this has been done for
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what the receiving node believes to be the strong non-direct terms (based on the strongest
neighbor estimates of the initial frame), then the whole process is repeated for the next strongest

direct delay, and so on.

[0087] The ranging processes described herein can be performed at any time interval,
depending on the particular needs of the network. For example, in a network in which nodes are
substantially stationary, ranging may only be performed once, or every several minutes, or based
on an event such as when new nodes join the network. In a network in which nodes are more
mobile, the ranging may be performed every second, every minute, or at any other interval.

Also, it is to be understood that any of the operations described herein can be implemented as
computer code stored on a computer-readable medium such as a computer memory for execution

by a processor or processing device.

[0088] The systems and methods described above may be implemented in many different
ways in many different combinations of hardware, software firmware, or any combination
thereof. In one example, the systems and methods can be implemented with a processor and a
memory, where the memory stores instructions, which when executed by the processor, causes
the processor to perform the systems and methods. The processor may mean any type of circuit
such as, but not limited to, a microprocessor, a microcontroller, a graphics processor, a digital
signal processor, or another processor. The processor may also be implemented with discrete
logic or components, or a combination of other types of analog or digital circuitry, combined on
a single integrated circuit or distributed among multiple integrated circuits. All or part of the
logic described above may be implemented as instructions for execution by the processor,
controller, or other processing device and may be stored in a tangible or non-transitory machine-
readable or computer-readable medium such as flash memory, random access memory (RAM) or
read only memory (ROM), erasable programmable read only memory (EPROM) or other
machine-readable medium such as a compact disc read only memory (CDROM), or magnetic or
optical disk. A product, such as a computer program product, may include a storage medium and
computer readable instructions stored on the medium, which when executed in an endpoint,
computer system, or other device, cause the device to perform operations according to any of the

description above. The memory can be implemented with one or more hard drives, and/or one or
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more drives that handle removable media, such as diskettes, compact disks (CDs), digital video

disks (DVDs), flash memory keys, and other removable media.

[0089] The processing capability of the system may be distributed among multiple
system components, such as among multiple processors and memories, optionally including
multiple distributed processing systems. Parameters, databases, and other data structures may be
separately stored and managed, may be incorporated into a single memory or database, may be
logically and physically organized in many different ways, and may implemented in many ways,
including data structures such as linked lists, hash tables, or implicit storage mechanisms.
Programs may be parts (e.g., subroutines) of a single program, separate programs, distributed
across several memories and processors, or implemented in many different ways, such as in a
library, such as a shared library (e.g., a dynamic link library (DLL)). The DLL, for example,

may store code that performs any of the system processing described above.

[0090] While various embodiments have been described, it can be apparent that many
more embodiments and implementations are possible. Accordingly, the embodiments are not to

be restricted.
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WHAT IS CLAIMED IS:

1. A node in a wireless network, wherein the node comprises:
a memory configured to store a signature of the node;
a transceiver operatively coupled to the memory and configured to:
transmit, during an initial frame, the signature of the node to one or more
neighboring nodes;
receive, during the initial frame, a first signal that includes one or more
signatures of the one or more neighboring nodes;
transmit, during a repetition frame, the first signal received during the
initial frame; and
receive, during the repetition frame, a second signal that includes a
retransmission of signals received by the one or more neighboring nodes during the initial frame;
and
a processor operatively coupled to the memory and the transceiver, wherein the
processor is configured to determine a distance from the node to each of the one or more

neighboring nodes based at least in part on the first signal and the second signal.

2. The node of claim 1, wherein the processor is further configured to determine a
distance between each of the one or more neighboring nodes based at least in part on the first

signal and the second signal.

3. The node of claim 1, wherein the processor is further configured to determine a
propagation delay between the node and each of the one or more neighboring nodes, and wherein
the distance from the node to each of the one or more neighboring nodes is determined based at

least in part on the propagation delay.

4. The node of claim 3, wherein the processor determines the propagation delay with

a signal interference cancellation technique.
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S. The node of claim 1, wherein the processor is further configured to scramble the

first signal prior to transmission of the first signal during the repetition frame.

6. The node of claim 1, wherein the second signal received by the node during the
repetition frame is scrambled, and wherein the processor is configured to descramble the second

signal.

7. The node of claim 1, wherein the signature of node is a function of a node

identifier assigned to the node.

8. The node of claim 1, wherein the memory is further configured to store

information regarding the signatures of each of the one or more neighboring nodes.

9. The node of claim 1, wherein the memory is further configured to store

information regarding a scrambling sequence of each of the one or more neighboring nodes.

10. The node of claim 1, wherein the processor is configured to determine a received
signal strength of each portion of the first signal, wherein each portion of the first signal is

received from a different node of the one or more neighboring nodes.

11. The node of claim 10, wherein the processor determines the distance from the
node to each of the one or more neighboring nodes based at least in part on the received signal

strength of each portion of the first signal.

12. The node of claim 1, wherein the second signal that includes the retransmission of
signals received by the one or more neighboring nodes during the initial frame comprises a
superposition signal that includes a signal portion from each of the one or more neighboring
nodes, and wherein the processor is configured to determine the signal portion received from

each of the one or more neighboring nodes.
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13. A method, comprising:
transmitting, by a transceiver of a node during an initial frame, a signature of the
node to one or more neighboring nodes;
receiving, by the transceiver of the node during the initial frame, a first signal that
includes one or more signatures of the one or more neighboring nodes;
transmitting, by the transceiver of the node during a repetition frame, the first
signal received during the initial frame;
receiving, by the transceiver of the node during the repetition frame, a second
signal that includes a retransmission of signals received by the one or more neighboring nodes
during the initial frame; and
determining, by a processor of the node, a distance from the node to each of the one

or more neighboring nodes based at least in part on the first signal and the second signal.

14. The method of claim 13, further comprising determining, by the processor of the
node, a distance between each of the one or more neighboring nodes based at least in part on the

first signal and the second signal.

15. The method of claim 13, further comprising determining a propagation delay
between the node and each of the one or more neighboring nodes, and wherein determining the
distance from the node to each of the one or more neighboring nodes is based at least in part on

the propagation delay.

16. The method of claim 15, further comprising using a signal interference

cancellation technique to determine the propagation delay.

17. The method of claim 13, further comprising scrambling, by the node, the first

signal prior to transmission of the first signal during the repetition frame.
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18. The method of claim 13, wherein the second signal received by the node during
the repetition frame is scrambled, and further comprising descrambling the second signal by the

node.

19. The method of claim 13, further comprising storing, in a memory of the node,
information regarding a signature of each of the one or more neighboring nodes and information

regarding a scrambling sequence of each of the one or more neighboring nodes.

20. The method of claim 13, wherein the second signal that includes the
retransmission of signals received by the one or more neighboring nodes during the initial frame
comprises a superposition signal that includes a signal portion from each of the one or more
neighboring nodes, and further comprising determining, by the processor of the node, the signal

portion received from each of the one or more neighboring nodes.
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