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(57) ABSTRACT 

A sequence of two or more signals representing two or more 
data packets is transmitted through a wireless channel using a 
transmitter device. The two or more signals are a result of two 
or more transmissions that are made sequentially in time at 
different center frequencies in order to span a desired band 
width. At least one of the two or more signals includes a 
physical layer preamble. The sequence of two or more signals 
is received using a receiver device. A time of arrival of one or 
more signals of the received sequence is calculated using one 
or more of the received sequence, the time differences among 
the two or more transmissions, the different center frequen 
cies, information from the two or more data packets, and any 
carrier phase differences among the two or more transmis 
sions using the receiver device. 
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SYSTEMAND METHOD FOR HIGH 
RESOLUTION INDOOR POSITONING 

USING ANARROWBAND RF TRANSCEIVER 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application No. 61/409,123 filed Nov. 2, 2010 
and U.S. Provisional Patent Application No. 61/421,641 filed 
Dec. 10, 2010, which are incorporated by reference herein in 
their entireties. 

INTRODUCTION 

0002 There is a strong market need for an indoor elec 
tronic positioning system that can provide one-meter accu 
racy or better. Mobile retail applications for Smartphones are 
perhaps the biggest revenue driver behind this need, allowing 
users to find out what is currently on sale in the aisle of the 
store they are in, to find out which items from their shopping 
list are sold in the aisle they are walking in, or simply to get 
information on a nearby product or display. Other important 
applications include medical device location and staff loca 
tion in hospitals, indoor E911, search and rescue, route guid 
ance inside large buildings, wireless robots, and route guid 
ance for the blind. 
0003 State-of-the-art indoor positioning systems for 
IEEE 802.11 Wi-FiTM devices are generally power-of-arrival 
(PoA) based, with accuracies on the order of ten meters at 
90% confidence. PoA-based positioning systems require cali 
bration by physically walking a measurement device through 
an area of interest, which is a time-consuming and expensive 
process. PoA-based systems are also known to require a rela 
tively high density of access points (APs) in order to achieve 
eventen-meter accuracy. To improve the PoA-based accuracy 
from ten to five meters, one can make a strong argument that 
the AP density would need to increase by a factor of four, with 
additional four-fold density increases for each additional 
two-fold accuracy improvement. 
0004 Time-of-flight (ToF) based positioning systems 
such as GPS allow devices to estimate their position by mea 
Suring the arrival times of signals transmitted by multiple 
radio emitters at known positions, converting the arrival times 
into distances by dividing by the speed of propagation, and 
Solving for position using trigonometry. ToF-based position 
ing systems generally do not require calibration and their 
accuracy is generally not limited by AP density. The problem 
with ToF is its accuracy indoors; although these systems work 
very well outdoors, they perform notoriously poorly in indoor 
environments. The main reason for their poor performance is 
multipath-signal reflections off of walls, ceilings, etc. that 
Smear the arrival time of the over-the-air signals, making it 
hard to determine the arrival time of the line-of-site (LOS) or 
shortest-distance path. Several companies have attempted to 
deployToP-based Wi-FiTM location systems indoors as of the 
time of this writing, but none at present are known to deliver 
Sub ten-meter accuracy. 
0005 One well-known way to mitigate the multipath 
problem is to use very wideband location signals—hundreds 
of megahertz wide for indoor RF applications. The wide 
signal bandwidth increases the resolution in the time-domain, 
allowing receivers to distinguish the LOS path from other 
delayed reflected paths (see FIG. 1). The challenges with 
using wideband signals are: (1) wideband radios require lead 
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ing edge, high-speed components which are expensive to 
manufacture, and (2) since spectrum allocation differs from 
country to country, it's difficult to standardize a wideband 
technology that will work in more than one country and enjoy 
good economies of scale. This is one reason why the so-called 
Ultra-wideband (UWB) technology that was first introduced 
in the late 1990's failed to become standardized. In the U.S., 
the FCC also placed severe restrictions on UWB's transmit 
power to minimize interference, thus limiting its operating 
range and hence Suitability for many applications. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0006. The skilled artisan will understand that the draw 
ings, described below, are for illustration purposes only. The 
drawings are not intended to limit the scope of the present 
teachings in any way. 
0007 FIG. 1 is schematic diagram of a time-of-flight 
(ToF)-based positioning system, in accordance with various 
embodiments. 
0008 FIG. 2 is an exemplary plot that shows an impulse 
response from an outdoor channel, in accordance with vari 
ous embodiments. 
0009 FIG. 3 is an exemplary plot that shows an impulse 
response from an indoor channel (e.g., an office environ 
ment), in accordance with various embodiments. 
0010 FIGS. 4-7 are exemplary plots that show the cross 
correlation between a baseband signal X(t) that is sent through 
the indoor channel impulse response of FIG.3 and the chan 
nel output for various signal bandwidths, in accordance with 
various embodiments. 
0011 FIG. 8 is an exemplary plot showing a traditional 
approach for transmitting a wideband or ultra-wide band 
signal, in accordance with various embodiments. 
0012 FIG. 9 is an exemplary plot showing a time/fre 
quency offset wideband (TF-WB) signaling approach for 
transmitting a wideband or ultra-wide band signal, in accor 
dance with various embodiments. 
0013 FIG. 10 is a schematic diagram of the internal archi 
tecture of a TF-WB transmitter, is accordance with various 
embodiments. 
0014 FIG. 11 is an exemplary plot showing autocorrela 
tion functions for two different example TF-WB signals, in 
accordance with various embodiments. 
0015 FIG. 12 is a schematic diagram of the internal archi 
tecture of a TF-WB receiver, is accordance with various 
embodiments. 
0016 FIGS. 13-16 are exemplary plots that show correla 
tion vs. peak-to-peak inter-packet timing jitter amplitude for 
a TF-WB waveform consisting of K=23 802.11g OFDM 
packets, in accordance with various embodiments. 
(0017 FIGS. 17-20 are exemplary plots that show correla 
tion vs. peak-to-peak carrier phase jitter amplitude for a TF 
WB waveform consisting of K=23 802.11g OFDM packets, 
in accordance with various embodiments. 
(0018 FIG. 21 is an exemplary plot of TDMA and 
OFDMA multiplexed transmissions from multiple clients 
and APs in an IEEE 802.11-based TF-WB system, in accor 
dance with various embodiments. 
0019 FIG. 22 is an exemplary plot showing an efficient 
OFDMA scheme in which transmissions from multiple 
Access Points are time-frequency interleaved in the same 
OFDM burst, in accordance with various embodiments. 
(0020 FIG. 23 is a schematic diagram of a 3-input TF-WB 
capable receiver, in accordance with various embodiments. 
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0021 FIGS. 24-26 are exemplary plots that show Wiener 
filters for each of the 3 antenna paths from FIG. 23, in accor 
dance with various embodiments. 
0022 FIG. 27 is an exemplary flowchart showing a 
method for calculating the time of arrival of a wireless signal 
through a wireless channel using a receiver device, in accor 
dance with various embodiments. 
0023 FIG. 28 is a schematic diagram of a system that 
includes a receive module and a calculation module that per 
forms a method for calculating the time of arrival of a wireless 
signal through a wireless channel, in accordance with various 
embodiments. 
0024 FIG. 29 is an exemplary flowchart showing a 
method for calculating the time of arrival of a wireless signal 
through a wireless channel using a transmitter device, in 
accordance with various embodiments. 
0025 FIG. 30 is a schematic diagram of a system that 
includes a transmit module that performs a method for cal 
culating the time of arrival of a wireless signal through a 
wireless channel, in accordance with various embodiments. 
0026. Before one or more embodiments of the present 
teachings are described in detail, one skilled in the art will 
appreciate that the present teachings are not limited in their 
application to the details of construction, the arrangements of 
components, and the arrangement of steps set forth in the 
following detailed description or illustrated in the drawings. 
Also, it is to be understood that the phraseology and termi 
nology used herein is for the purpose of description and 
should not be regarded as limiting. 

DESCRIPTION OF VARIOUSEMBODIMENTS 

0027 Various embodiments, referred to herein as Time/ 
Frequency Offset Wideband (TF-WB) signaling, enjoy all of 
the advantages of other state-of-the-art wideband or ultra 
wideband signaling schemes without being burdened by the 
aforementioned challenges. Various embodiments are first 
described briefly at a high-level, followed by a detailed 
description at the physical and data link layers. To clarify the 
terminology, the use of the term “narrowband' in this discus 
sion refers to signals that have a bandwidth of less than 40 
MHz, and the term wideband is reserved for signals that have 
bandwidth exceeding 100 MHz. The term “ultra-wideband' 
is commonly accepted to mean signal bandwidths in excess of 
500 MHZ. 
0028 System Overview 
0029 FIG. 1 is schematic diagram of a ToF-based posi 
tioning system 100, in accordance with various embodi 
ments. System 100 includes a mobile Client device 20, a 
plurality of sensor?emitter (SE) devices 30 and a Server 40. 
The Client device 20 is typically a battery-powered mobile 
device Such as a Smartphone or a laptop computer containing 
a wireless communication chipset that complies with a wire 
less Standard Such as IEEE 802.11/Wi-FiTM or Bluetooth. The 
SE devices 30, typically the size of a Wi-FiTM access point 
(AP), are placed in various known positions in an indoor 
environment such as a hospital, retail store or a shopping 
mall. The Server 40 is used to control the behavior of the 
Client and SEs during the ToA measurements, and to locate 
the Client based on ToA measurements received from the 
SES. 
0030 The SEs can be configured as sensors, which only 
receive Tof location signals from the client, emitters, which 
only transmit to the Client, or both. When configured as 
emitters, each SE periodically broadcasts TF-WB location 
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beacon signals, allowing listening Clients to self-locate by 
measuring the ToA of the beacon signals received from mul 
tiple SEs. This is similar to how GPS is used today, with 
satellites being the emitters for GPS. When configured as 
sensors, each SE measures the ToA of one or more TF-WB 
transmissions received from the Client to estimate its posi 
tion. 
0031 All SEs in a network may need to be time synchro 
nized to a common time base. In emitter mode, this allows the 
SEs to transmit their TF-WB location beacons at exactly the 
same time, using OFDMA to differentiate their transmissions 
at the client (the details for this technique are described in 
Section entitled “Multiplexing TF-WB Transmissions From 
Multiple Devices' below). After down-converting, digitizing 
and storing a set of these beacon transmissions from SEs at 
known positions, a Client can compute the ToAS of these 
signals and estimate its position (i-x y Z by solving the 
equation 

W 

it = argmimin) |u -u, - c(t, - i), 
t 

where u is the known X y z position of the nth SE, c is the 
speed of light, t is the Client's measured ToA of the nth 
beacon transmission, and t is the unknown SE beacon trans 
mission time. 
0032. In sensor mode, the SEs monitor incoming TF-WB 
transmissions from the Client, estimate their ToAS and pass 
the ToA estimates to the server, which estimates the Client 
position by Solving 

W 

it = argmiminX |u-un- c(t, - i), 
t 

where u is the known X y z position of the nth SE, c is the 
speed of light, t is the nth SE's ToA estimate (referenced to 
the SE's global time base), and t is the unknown transmission 
time of the Client's TF-WB location signal. 
0033. In practice, regardless of whether the SEs are con 
figured as emitters or sensors, the bottleneck in terms of 
location accuracy is the accuracy of the time-of-arrival esti 
mates. Since radio signals travel at the speed of light, a timing 
error of even a few nanoseconds (billionths of a second) will 
exceed the one-meter positioning error budget. 
0034 FIG. 2 is a plot 200 that shows an impulse response 
from an outdoor channel, in accordance with various embodi 
ments. FIG. 3 is a plot 300 that shows an impulse response 
from an indoor channel (e.g., an office environment), in 
accordance with various embodiments. The spike at 30 ns in 
plots 200 and 300 represents the shortest-distance LOS path 
between the transmit and receive antennas. Since light travels 
at approximately one foot per ns, this means the antennas in 
this example are separated by about 30 ft. The outdoor 
response shows virtually Zero energy after the LOS path. The 
indoor response shows literally hundreds of closely spaced 
reflections after the LOS. 
0035) To estimate the arrival time of a signal sent through 
this channel, a commonly used approach is for the transmitter 
to send a known signal to the receiver, then for the receiver to 
correlate the known signal against what it receives through 
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the channel and estimate the ToA as the ToA of the earliest 
correlation peak that exceeds some appropriate threshold. 
Mathematically, using X(t) to represent the complex baseband 
transmit signal, y(t) the complex baseband received signal, 
h(t) the complex channel impulse response, and Z(t) the cor 
relator output, one can write: 

where V(t) is complex additive white Gaussian noise. 
0036 FIGS. 4-7 are exemplary plots that show the cross 
correlation between a baseband signal X(t) that is sent through 
the indoor channel impulse response of FIG.3 and the chan 
nel output for various signal bandwidths, in accordance with 
various embodiments. FIGS. 4-7 show channel impulse 
responses (Solid lines) and correlator outputs (dashed lines) 
for transmit signal bandwidths of 50, 100,250 and 500 MHz, 
respectively. In each case, X(t) is a 1023-bit pseudo-random 
NRZ sequence filtered through a root-raised cosine low pass 
filter. The only difference among the 4 cases is the symbol rate 
and hence the RF bandwidth of x(t). 
0037 FIGS. 4-7 show why accurate ToA estimation 
indoors needs very wideband signals. It’s because there are so 
many signal reflections in the vicinity of the LOS path that the 
only way to get the needed time-resolution is to use a very 
wideband signal. Without sufficient time resolution, it is too 
difficult to differentiate the LOS from other paths. 
0038 Time-Frequency Offset Wideband Signaling 
Theory of Operation 
0039 FIG. 8 is an exemplary plot showing a traditional 
approach for transmitting a wideband or ultra-wide band 
signal, in accordance with various embodiments. The tradi 
tional approach for transmitting a wideband or ultra-wide 
band signal is to send one signal packet that spans the entire 
transmission bandwidth, B, as illustrated in FIG. 8. This 
approach was proposed, for example, in competing UWB 
standards. 
0040 FIG. 9 is an exemplary plot showing a time/fre 
quency offset wideband (TF-WB) signaling approach for 
transmitting a wideband or ultra-wide band signal, in accor 
dance with various embodiments. Instead of sending one 
broadband packet that spans all frequencies, TF-WB sends 
multiple narrowband packets at different times and frequen 
cies in order to span the same bandwidth, B. It can be shown 
that the TF-WB approach provides the same time resolution 
benefits as the more traditional techniques as long as it spans 
the same amount of bandwidth. Although it generally takes 
longer to cover the same amount of spectrum using a 
sequence of TF-WB transmissions as it does using a single 
wideband or UWB transmission, TF-WB enjoys several 
important advantages, which are highlighted below. 
0041. The most important advantage is that its use of nar 
rowband signals allows TF-WB to be adapted to just about 
any of today's popular wireless standards such as Bluetooth, 
IEEE 802.11 or 3G/4G cellular, using the same low-cost 
hardware platforms with at most only Superficial changes to 
the chipset and software. For example, to send a TF-WB 
signal using an IEEE 802.11 Wi-FiTM chipset, one sends a 
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sequence of 802.11 packets (for example, Probe Request 
packets) at different times and frequencies. This makes it 
possible to perform high-resolution location on Wi-FiTM 
smart-phones by re-using the same Wi-FiTM chipset that is 
also used for Internet data communication. If one of the 
state-of-the-art UWB technologies was used instead, one 
would have to burden the smart-phone with the additional 
cost, size and battery energy needed to Support a new chipset, 
antenna, and Software needed to implement the new wireless 
protocol. As mentioned earlier, traditional UWB radios also 
cost more to manufacture and consume more DC current than 
their narrowband counterparts. 
0042. Also, as alluded to earlier, another critical advantage 

is regulatory. In the U.S., UWB systems are required by the 
FCC to transmit no more than -41.3 dBm per MHz of band 
width. Indoor Wi-FiTM systems, on the other hand, typically 
transmit up to 7 dBm per MHz. This gives a TF-WB over 
Wi-FiTM system a 48 dB or approximately a thirty-fold range 
advantage over a UWB system indoors. 
0043. The basic steps for transmission, reception and ToA 
estimation using TF-WB signaling are as follows. 
0044 1. Transmitter sends a sequence of narrowband sig 
nals at different times and frequencies to the receiver. It is 
assumed that the time, frequency, and carrier phase differ 
ences among the signal transmissions are known to the 
receiver. 
0045 2. Receiver listens for the transmissions at the 
known times and frequencies using its narrowband radio 
while digitizing and storing them for post-processing. 
0046 3. Receiver uses the stored receive signals and the 
known time, frequency and carrier phase differences of the 
transmissions to obtain a high-resolution estimate of the time 
of-arrival of the received signals at its antenna. 
0047. In a preferred embodiment, the transmitted signals 
are waveforms—physical layer representations of binary data 
packets that are defined in a wireless standard Such as Blue 
tooth, IEEE 802.11 Wi-FiTM or 3G or 4G cellular. 
0048 FIG. 10 is a schematic diagram of the internal archi 
tecture of a TF-WB transmitter 1000, is accordance with 
various embodiments. Samples of the narrowband physical 
layer complex baseband waveforms are generated on the fly 
by MAC and PHY units 1001, and stored in a buffer 1010 
until it's time to transmit them. They are then passed to a 
complex digital-to-analog converter 1020, where they are 
digitized and lowpass filtered. The filtered complex DAC 
output is passed to a narrowband analog RF transmitter 1030 
where it is I/O modulated, up-converted 1045 to the appro 
priate RF frequency and sent over-the-air through the antenna 
1040. The transmitter's TF-WB Sequencing Logic 1025 con 
trols the timing at which the narrowband signals are presented 
to the DAC and directs the RF transmitter to tune its LO 
synthesizer to the appropriate frequencies at the appropriate 
times. 
0049. A mathematical representation of the TF-WB trans 
mit signal leaving antenna 1040 is 

where Re(z) represents the real part of the complex number Z. 
K is the number of narrowband waveforms transmitted, and 
X (t) is the complex envelope of the kth narrowband wave 
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form transmitted at timet, carrier frequency f-f and carrier 
phase (p. The transmission time T of the first waveform can 
be assumed to be zero without loss of generality. This way, the 
remaining t can be viewed as time offsets relative to transmit 
time of the first waveform. 
0050 FIG. 11 is an exemplary plot showing autocorrela 
tion functions for two different example TF-WB signals, in 
accordance with various embodiments. The autocorrelation 
functions are generated according to equation (1) using K=3 
and K=15 repetitions, where each narrowband transmission is 
a 20 MHz wide IEEE 802.11g OFDM packet. The same 
packet is repeated Ktimes at different times and frequencies. 
The spacing between the offset frequencies f is 20 MHz. The 
packet duration is 320 LS, and the timing gap between trans 
missions is 100 us. Note how the time resolution increases as 
the number of narrowband signals K, and hence the band 
width (which is 20 KMHz) is increased. 
0051 FIG. 12 is a schematic diagram of the internal archi 
tecture of a TF-WB receiver 1200, is accordance with various 
embodiments. The received TF-WB signal enters through the 
antenna 1250, is down-converted to complex baseband by the 
narrowband analog RF receiver 1260, lowpass filtered 
through a narrowband filter and digitized via a complex ana 
log-to-digital converter 1270, digitally allpass filtered and 
phase shifted to compensate for gain-dependent group delay 
and phase shifts 1275, and stored in a buffer 1280 where it 
awaits processing by the ToA Estimator 1290. The ADC 
samples are also routed to PHY demodulator and MAC RX 
blocks 1201 and 1202, respectively. The receiver also has 
TF-WB Sequencing Logic 1220 to direct the RF Receiver 
1260 to tune its LO synthesizer to the appropriate frequencies 
at the appropriate times. 
0052 FIGS. 13-16 are exemplary plots that show correla 
tion vs. peak-to-peak inter-packet timing jitter amplitude for 
a TF-WB waveform consisting of K=23 802.11g OFDM 
packets, in accordance with various embodiments. FIGS. 
13-16 were generated from simulations in which the inter 
packet spacing between the K waveforms was shortened or 
lengthened from its nominal value by a randomly generated 
jitter time using a uniform probability distribution. A differ 
ent random number was generated for each of the K-1 inter 
packet intervals. 
0053 FIGS. 17-20 are exemplary plots that show correla 
tion vs. peak-to-peak carrier phase jitter amplitude for a TF 
WB waveform consisting of K=23 802.11g OFDM packets, 
in accordance with various embodiments. FIGS. 17-20 were 
generated from simulations in which the carrier phase differ 
ence between the 1st and the remaining K-1 waveforms was 
rotated from its nominal value by a randomly generated jitter 
value using a uniform probability distribution. A different 
random number was generated for each of the K-1 phase 
differences. 
0054 FIGS. 13-16 and FIGS. 17-20 show how receiver 
uncertainty in the carrier phase and inter-packet timing 
between narrowband transmissions affects performance. The 
figures show the cross-correlation between an ideal and a 
distorted 802.11g-based TF-WB waveform with K=23 nar 
rowband transmission frequencies. The figures clearly show 
why it's critical for the receiver to have accurate knowledge of 
the values of these parameters. There are several ways for the 
receiver to get this information: 
0055 1. The parameters can be specified in a wireless 
standard. For example, the IEEE 802.11 standards committee 
can release an updated specification that documents rules for 
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transmitting 802.11-based TF-WB signals. These rules can 
require all TF-WB-compatible transmitters to use a fixed 
inter-packet spacing of, say, 100 LS+/-0.1 ns, and a carrier 
phase difference of at most 3 degrees between any two trans 
mitted packets. 
0056 2. The transmitter can communicate this informa 
tion to the receiver, either by embedding it in each transmitted 
packet or using a system configuration message. As an 
example of the former, the transmitter could encode and 
embed each packet's time of departure on a high-speed clock 
in a time-stamp field, it could encode and embed the carrier 
phase during each packet's transmission into a phase-stamp 
field, or it could encode and embed the inter-packet timing 
and/or inter-packet carrier phase differences into time-differ 
ence and/or phase-difference fields. An example of the latter 
would be for the transmitter to send a message to the receiver 
after it joins the network letting the receiver know that it uses 
an inter-packet spacing of 100LLS+/-0.1 ns and a carrier phase 
difference of at most 3 degrees between any two transmitted 
packets for all TF-WB transmissions. 
0057 Depending on how the system is implemented, a 
standards specification can document the following addi 
tional TF-WB-related information: 

0.058 1. The receiver may need to know the sequence of 
frequencies, the number of transmissions per frequency in 
order to properly receive and decode a TF-WB signal. The 
transmitter can either embed this information in a TF-WB 
Information Message that it sends to the receiver, or can 
periodically broadcast this information (if it's an 802.11 AP, 
in a Beacon message, for example) so that all receivers can get 
this information. 

0059 2. For Clients that perform self-location by measur 
ing the To As of incoming TF-WB transmissions from the 
SEs, the Client will need to know the physical location of each 
of the SEs within earshot, when to listen for their TF-WB 
transmissions, the sequence of frequencies and number of 
transmissions per frequency, and how the transmissions from 
multiple SEs are multiplexed (e.g., using OFDMA or TDMA 
is used, if ODMA, which SEs are assigned to which sub 
carriers; if TDMA, which SEs are assign to which timeslots). 
For this kind of information, a periodic network broadcast 
makes the most sense (for Wi-FiTM, perhaps using the Beacon 
message). 
0060. 3. For systems in which the SEs locate the Clients by 
listening to their transmissions, each client would need: 
0061 a. An assigned time slot in which to send its TF-WB 
message (for Wi-FiTM, for example, this can be specified as a 
time relative to the AP Beacon transmission) 
0062 b. The frequencies, number of transmissions per 
frequency and time between transmissions 
006.3 c. Information on how to multiplex its transmissions 
with other clients. If OFDMA, this would be an assigned set 
of Sub-carriers, if DSSS, an assigned spreading code. 
0064. For this kind of information, a uni-cast “TF-WB 
Information' message exchange to the client from the net 
work seems most appropriate. 
0065 Returning to the ToA Estimator block 1290 of FIG. 
12, the receiveruses the following high-level steps to estimate 
the time-of-arrival of a received TF-WB waveform sequence. 
0066. In step 1, the receiver digitally up-converts the 
received narrowband observation waveforms to their known 
offset frequencies and Sums, yielding a wideband observation 
waveform. 
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0067. In step 2, the receiver synthesizes a narrowband 
reference waveform corresponding to each of the received 
narrowband observation waveforms using the known (and 
optionally decoded) portions of the data packets and the rules 
prescribed by the wireless standard. 
0068. In step 3, given the narrowband reference wave 
forms the known time, frequency and carrier phase offsets 
and a hypothetically selected channel propagation delay, the 
receiver defines a model to generate a “wideband model out 
put waveform a most-likely guess for what the wideband 
observation waveform would look like given the known infor 
mation and that prescribed channel propagation delay. 
0069. In step 4, the receiver uses a one-dimensional search 
to find the channel propagation delay that most closely 
matches the wideband model output and wideband observa 
tion waveforms. The resulting channel propagation delay 
from this process is the estimated time-of-arrival. 
0070 Next, these steps are described again in greater 
detail and with more mathematical rigor: 
0071. In step 1, the receiver digitally up-converts the 
received narrowband observation waveforms y(nT) to their 
known offset frequencies f, yielding the wideband observa 
tion waveform 

K 

y(nT)2Xy (nTell". 
k=1 

0072 For each received narrowband observation wave 
form y(nT), the receiver synthesizes a corresponding nar 
rowband reference waveform x(nT) by encoding and modu 
lating known portions of the waveform (including the 
physical layer preamble and any known data bits) as specified 
by the wireless standard. The receiver may optionally chose 
to demodulate and decode other unknown portions of the 
packet and add the decoded data to the known information 
that gets encoded and modulated to generate the narrowband 
reference waveform x(nT) as well. If the receiver decides not 
to include the decoded information in the narrowband refer 
ence waveform, it sets the corresponding portions of that 
waveform to zero. 

0073. In step 3, given the narrowband reference wave 
forms x(nT), the known time, frequency and carrier phase 
offsets f. t. and (p and a hypothetically selected channel 
propagation delay to the receiver generates a wideband ref 
erence signal defined by 

0074. It should be noted that with a noise and multipath 
free channel and with the correct choice of to the wideband 
reference and wideband observation waveforms should be 
identical. 

0075. In step 4, the receiver finds the Wiener filter that best 
matches the wideband reference signal x(nT, To) generated in 
the previous step to the wideband observation signal y(nT), 
then filters the wideband reference signal through the Wiener 
filter. Mathematically speaking, the Wiener filter is given by 
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where R(to) is the cross correlation vector between the 
wideband reference and observation signals, and R (to) is 
the autocorrelation matrix for the wideband reference signal. 
Note that each candidate choice for to will produce a different 
Wiener filter h, hence the alternative notation h(t) used 
above. 

0076. It should be noted that with a noise-free channel and 
with the correct choice of to (a) the Wiener filter output and 
the wideband observation waveforms should be identical, and 
(b) the frequency response of the channel and the Wiener filter 
should be identical over all active RF transmit frequencies. 
0077. In step 5, the receiver iteratively repeats steps 3 and 
4 using various choices of to to find the candidates to that 
minimizes the mean-square error between the Wiener filter 
output and the wideband observation waveform; the value of 
to that results from this process is the ToA estimate. This step 
can be written mathematically as follows: 

fo = argminX ly(nT)-3-(nT, to): hto), 
0 

where the asterisk in the above formula represents the con 
Volution operator. Any one of a number of well-known single 
dimensional minimization techniques can be used to mini 
mize the number of iterations needed to find the optimal to per 
the above formula, including the secant method, Newton's 
method, quadratic search, etc. 
(0078 Round-Trip Time Measurements 
0079 Another useful application for TF-WB signaling is 
to use it to estimate the distance between 2 devices using 
round-trip-time (RTT) measurements. Both devices would 
need to be TF-WB aware for this scheme to work properly. 
Using RTT. Device 1 would send a TF-WB sequence to 
Device 2, then Device 2 would respond back with another 
TF-WB sequence, plus a protocol message containing Device 
2's turnaround-time (in fractions of a nanosecond) for the 
response sequence. Device 1 can then compute its distance to 
Device 2 using the formula 

1Ra 1.T. 2.TAT d = - - - - - 2c 

where traz is Device 2's measured turn-around-time, i.e., 
the time from the beginning of the incoming TF-WB 
sequence received from Device 1 at Device 2's antenna to the 
beginning of the response packet at Device 2's antenna, (the 
TAT is reported to Device 1 by Device 2), tr. is the time at 
which the outgoing TF-WB sequence leaves Device 1's 
antenna, and to is the time at which the incoming TF-WB 
sequence arrives at Device 1's antenna, and c is the speed of 
light. 
0080 Multiplexing TF-WB Transmissions from Multiple 
Devices 
I0081. If TF-WB is deployed in a real-world wireless net 
work, Some sort of multiplexing scheme is needed to differ 
entiate TF-WB transmissions from multiple devices and to 
prevent them from interfering with one another. For Client 
self-location, for example, the Client needs to reliably receive 
transmissions from multiple SEs without interference. Any of 
the following well-known multiplexing methods can be 
employed for this purpose. 
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I0082) 1. TDMA each SE transmits its TF-WB sequence 
in an assigned time slot; 
I0083. 2. CDMA each SE transmits its TF-WB sequence 
at the same sequence of frequencies and times; spreading 
codes are used to differentiate the transmissions at the clients 
(this is similar to the approach used to multiplex transmis 
sions from multiple satellites with GPS); and 
0084 3. OFDMA each SE transmits its TF-WB 
sequence at the same sequence of frequencies and times; each 
AP is assigned a unique mutually exclusive set of OFDM 
subcarriers to prevent interference. 
0085. If TF-WB was applied to the IEEE 802.11 Wi-FiTM 
standard, OFDMA, TDMA or some combination of both 
would make the most sense: TDMA because of its simplicity 
and effectiveness, OFDMA because of its efficiency and the 
fact that Wi-FiTM is mostly an OFDM-based standard. 
I0086 FIG. 21 is an exemplary plot of TDMA and 
OFDMA multiplexed transmissions from multiple clients 
and APs in an IEEE 802.11-based TF-WB system, in accor 
dance with various embodiments. Each AP in a multi-AP 
network is assigned a time slot in which to transmit its TF 
WB sequence that occurs just after the periodic Wi-FiTM 
Beacon message. Note that all seven of the APs are assigned 
to transmit in the same time slot using OFDMA to prevent 
interference. TDMA is only used to prevent the APs from 
interfering with the Clients and the Wi-FiTM Beacon in this 
example—not to prevent the APs from interfering with each 
other. 

I0087. At the beginning of each time slot, all seven APs 
transmit their TF-WB sequences at exactly the same times 
and frequencies, allowing a self-locating Client to receive, 
digitize and store all seven of the TF-WB transmissions 
simultaneously. Each AP is assigned a unique time-frequency 
interleaving (TFI) code. The TFI code serves two important 
purposes: (1) to prevent two or more of the APs from inter 
fering with each other by transmitting on the same Sub-carrier 
(s) at the same time(s), (2) to allow each AP to transmit on all 
OFDM sub-carriers at some time during each narrowband 
OFDM transmission. This is to ensure that there are no fre 
quency holes in any of the transmitted signals, which is criti 
cal for good channel sounding and ToA/AoA estimation. 
0088 As an example of a TFI code that meets both of these 

criteria, suppose that 20 MHz, 802.11g OFDM (which has 64 
Subcarriers) is used for the narrowband transmissions, and 
that each transmission contains 50 OFDM symbols. AP #1 
can transmit on subcarriers 1, 8, . . . , 64 during OFDM 
symbols 1, 8, . . . , 50, on subcarriers 2, 9, . . . , 58 during 
OFDM symbols 2, 9, ..., 44; on subcarriers 3, 10, ... , 59 
during OFDM symbols 3, 10, . . . , 45 and so on. AP #2 can 
transmit on subcarriers 2.9,..., 58 during OFDM symbols 1, 
8,...,50; on subcarriers 2,9,..., 58 during OFDM symbols 
3, 10, ... , 45; on subcarriers 3, 10, . . . , 59 during OFDM 
symbols 4, 11, ... , 46 and so on, continuing in this manner 
until we get to AP #7, which would transmit on subcarriers 7. 
14,..., 63 during OFDM symbols 1, 8,...,50; on subcarriers 
1, 8, . . . , 64 during OFDM symbols 2, 9, . . . , 45; on 
subcarriers 2,9,..., 58 during OFDM symbols 3, 10,..., 45, 
etc. 

0089. By defining the TFI mapping this way, none of the 
seven APS transmits on the same sub-carrier at the same time, 
and all of the APs visit every sub-carrier multiple times during 
each narrowband transmission, so there are no holes. 
0090 FIG. 22 is an exemplary plot showing an efficient 
OFDMA scheme in which transmissions from multiple 

May 3, 2012 

Access Points are time-frequency interleaved in the same 
OFDM burst, in accordance with various embodiments. FIG. 
22 shows a simpler example of TFI in which 3 APs interleave 
their transmissions within OFDM bursts spanning 8 sub 
carriers in frequency and 10 symbols in duration. 
0091 Multiplexing is also needed when the location esti 
mate is performed on the network side in order to prevent 
TF-WB transmissions from multiple clients from interfering 
with other. This can be achieved in very much the same way 
as it was for the APs. Referring again to FIG. 21, each of the 
Clients in the network is assigned to transmit in the time slot 
immediately following the one assigned to the APs. ASSum 
ing there are N Clients for which periodic locating tracking by 
the network is enabled, a TFI scheme similar to the one 
described for the APs can be used, except it would be done 
using modulo Narithmetic on the subcarriers and OFDM 
symbols instead of modulo 7. 
0092 Multi-input Receivers and Joint Time/Angle of 
Arrival Measurements 
(0093. Nearly all IEEE 802.11n-compatible APs and some 
Clients are equipped with multi-input receivers, allowing 
them to receive, down-convert and digitize signals through up 
to 4 antenna paths simultaneously. A multi-input receiver can 
be leveraged to improve the accuracy of the ToA estimates in 
indoor environments. The improved performance comes 
from having additional uncorrelated (or loosely correlated) 
observations of the ToA through the new antenna paths. 
(0094. If a multi-input receiver is used to receive a TF-WB 
signal, that receiver would down-convert, digitize and store 
each incoming narrowband transmission through each of its 
Mantenna paths simultaneously. For ToA estimation, it 
would compute wideband observation waveforms and 
Wiener filters for each antenna path, and use the following 
formula to estimate the ToA, which is a generalization of the 
formula in Step 5 above for multiple antenna paths: 

i 2 
r X ly" (nT)– (nT, to): h" (to) (2) 
to Fargman — 

0 O, 
n=1 

where y” (nT) and h".(to) are the wideband observation 
waveform and Wiener filters, respectively, and t, is the 
average noise power per sample in the mth antenna path. This 
can be shown to be a maximum-likelihood estimate for the 
ToA to given the system model described herein. The estima 
tor can be described in words as follows: 

(0.095 For each candidate ToA to 
0096. For each antenna path m 

0097. 1. Compute the mean-square error (MSE) 
between the observed and model output waveforms 
for that candidate ToA, 

0098 2. Normalize the MSE by the noise power in 
that antenna path, 

0099 3. Sum normalized MSEs for each antenna 
path. 

10100. The ToA estimate to is the candidate to with the 
lowest Summed MSE. 

0101. It should be noted that the multi-input ToA estimator 
described above can be used to enhance the performance of 
any single-antenna path ToA estimator—not just one that 
uses TF-WB signaling. In other words, for any system that 
transmits a known reference waveform x(nT, To) through a 
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multipath additive white Gaussian noise channel with propa 
gation delay to and receives through a multi-input receiver 
yielding observation waveforms y" (nT), m=1,..., M for 
each of the Mantenna paths, the approach described above 
can be shown to provide the optimum ToA estimate. 
0102. In addition to improving the time-resolution of 
indoor time-of-arrival (ToA) measurements, TF-WB can also 
be used to improve the accuracy of indoor angle-of-arrival 
(AoA) measurements as well. A multi-input receiver is 
needed for AoA. 
(0103 FIG.23 is a schematic diagram of a 3-input TF-WB 
capable receiver, accordance with various embodiments. The 
received TF-WB signals from each antenna path are down 
converted 2360, digitized 2365, adjusted for gain dependent 
group delay and phase shift 2370, and stored 2375-2377. To 
estimate the AoA 2301, one first finds the ToA of the received 
TF-WB signals using equation (2) above, then estimates the 
phase angle of the incoming transmission on each antenna 
path by computing the phase angle of Wiener filter at the tap 
corresponding to the LOS path. This is illustrated in FIGS. 
24-26. FIGS. 24-26 are exemplary plots that show Wiener 
filters for each of the 3 antenna paths from FIG. 23, in accor 
dance with various embodiments. 
0104 Returning to FIG. 23, the three phase angles com 
puted in this step can then be converted into an AoA estimate 
2302 based on the physical geometry of the antennas. The 
advantage of using TF-WB signaling for the AoA measure 
ments is multipath Suppression. The high time resolution 
allows the Wiener filter to discriminate the LOS from other 
paths, so the phase angle we see is the phase of the signal 
coming in the direction of the LOS path only—not other 
paths. For lower bandwidth signals, the LOS path would be 
Summed with multipath reflections from other paths, yielding 
distorted phase estimates. 
0105 Receiver Calibration 
0106 Most digital receivers use some sort of automatic 
gain control (AGC) to adjust their received signal level enter 
ing the analog-to-digital converter (ADC). The gain control 
circuit is often implemented as a set of variable gain ampli 
fiers (VGAs) in series that can be either switched on and off 
depending on the value of an input gain control word. When 
a VGA stage is turned on vs. off, it can create a carrier phase 
and/or group delay change. If the receiver changes its AGC 
setting to receive the narrowband transmissions at different 
frequencies, the phase shifts and group delay changes will 
create distortion in the received waveforms. 
0107 Fortunately, these phase and group delay vs. RX gain 
variations don’t change much across time and temperature, so 
they can be calibrated (i.e., measured at the time of manufac 
turing), stored in a table, and compensated for during data 
digitization and data storage. This is the purpose of block 
1275 in FIG. 12. 
0108 TF-WB Receiver System 
0109 Referring to FIG. 12, a system for calculating the 
time of arrival of a wireless signal through a wireless channel 
includes receiver device 1200. Receiver device 1200 can 
include, but is not limited to, an access point, a Smartphone, a 
laptop computer, or a wireless Smart tag. Receiver device 
1200 can include hardware, software, or a combination of 
hardware and software. 
0110 Receiver device 1200 receives a sequence of two or 
more signals representing two or more data packets transmit 
ted through a wireless channel. The two or more signals are a 
result of two or more transmissions that are made sequentially 
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in time at different center frequencies in order to span a 
desired. At least one of the two or more signals includes a 
physical layer preamble. 
0111 Receiver device 1200 calculates a time of arrival of 
one or more signals of the received sequence using one or 
more of the received sequence, the time differences among 
the two or more transmissions, the different center frequen 
cies, information from the two or more data packets, and any 
carrier phase differences among the two or more transmis 
sions 
0.112. In various embodiments, the time differences 
among the two or more transmissions and any carrier phase 
differences among the two or more transmissions are known 
to receiver device 1200 before the received sequence is trans 
mitted. 
0113. In various embodiments, the transmission time of 
each of the two or more signals is encoded and included in the 
two or more data packets before transmission through the 
wireless channel. Receiver device 1200 determines the time 
differences among the two or more transmissions by decod 
ing and Subtracting the encoded transmissions of two or more 
consecutive data packets of the two or more data packets. 
0114. In various embodiments, transmission time differ 
ences among each of the two or more signals are encoded and 
included in the two or more data packets before transmission 
through the wireless channel. Receiver device 1200 deter 
mines the time differences among the two or more transmis 
sions by decoding the encoded transmission time differences 
from the two or more data packets. 
0.115. In various embodiments, the carrier phase of each of 
the two or more transmitted signals is encoded and included 
in the two or more data packets before transmission through 
the wireless channel. Receiver device 1200 determines any 
carrier phase differences among the two or more transmis 
sions by decoding and Subtracting the encoded carrier phase 
from the two or more data packets. 
0116. In various embodiments, carrier phase differences 
among each of the two or more transmitted signals are 
encoded and included in the two or more data packets before 
transmission through the wireless channel. Receiver device 
1200 determines any carrier phase differences among the two 
or more transmissions by decoding the encoded carrier phase 
differences from the two or more data packets. 
0117 The two or more data packets are different data 
packets, for example. In various embodiments, the two or 
more data packets are the same data packets. 
0118. In various embodiments, the two or more data pack 
ets conform to the IEEE 802.11 (Wi-FiTM) standard, the Blue 
toothTM standard, or the Global System for Mobile Commu 
nications (GSM) standard. 
0119. In various embodiments, the sequence represents a 
signal with a bandwidth that is at least twice as large as the 
bandwidth of one or more signals of the sequence. 
0.120. In various embodiments, receiver device 1200 cal 
culates an angle of arrival of one or more signals of the 
received sequence by receiving the sequence through two or 
more antenna paths simultaneously and using one or more of 
the received sequence, the time differences among the two or 
more transmissions, any carrier phase differences among the 
two or more transmissions, information from the two or more 
data packets, and the geometry of the two or more antennas. 
0.121. In various embodiments, receiver device 1200 fur 
ther calculates a location of receiver device 1200 using the 
time of arrival and one or more time of arrivals calculated 
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from one or more received sequences that are transmitted 
from one or more additional locations. In various embodi 
ments, time division multiple access (TDMA), orthogonal 
frequency-division multiple access (OFDMA), frequency 
division multiple access (FDMA) or code division multiple 
access (CDMA) is used to differentiate the received sequence 
and the one or more additional received sequences at the 
receiver device. 
0122. In various embodiments, the location of receiver 
device 1200 is calculated periodically and displayed periodi 
cally on a floor map. 
0123. In various embodiments, the received sequence and 
the one or more received sequences include parametric infor 
mation that receiver device 1200 uses to calculate a location 
of receiver device 1200. In various embodiments, the para 
metric information includes one or more of coordinates for 
the locations of the devices that transmitted the received 
sequence and the one or more received sequences, number, 
time duration, and center frequencies of signal transmissions 
per location beacon for the received sequence and the one or 
more received sequences, or nominal start time for a first 
location beacon relative to a beacon time for the received 
sequence and the one or more received sequences. 
0124. In various embodiments, receiver device 1200 fur 
ther receives a calibration sequence of two or more calibra 
tion signals before receiving the sequence. Receiver device 
1200 uses the calibration sequence to construct a calibration 
table storing measured changes in group delay and phase shift 
over a set of receiver gain settings and/or RF center frequen 
cies. Receiver device 1200 later uses the calibration table 
contents in its time-of-arrival and/orangle-of-arrival calcula 
tions. 
0125. In various embodiments, receiver device 1200 fur 
ther sends a response sequence of two or more response 
signals representing two or more response data packets to a 
device from which the sequence was received and embeds in 
the two or more response data packets a turn-around-time so 
that the device calculates a distance between receiver device 
1200 and the device using the turn-around-time. The turn 
around-time include a difference between a first time of the 
receipt of the first signal in the sequence at an antenna of the 
receiver device and a second time of the beginning of the 
response sequence's beacon at an antenna of receiver device 
12OO. 
0126. In various embodiments, at least one additional 
receiver device is included in the system that receives the 
transmitted sequence and calculates one additional time of 
arrival for the received sequence. The time of arrival and the 
one more additional time of arrival are used to calculate a 
location of a device that transmitted the received sequence. 
O127 TF-WB Receiver Method 
0128 FIG. 27 is an exemplary flowchart showing a 
method 2700 for calculating the time of arrival of a wireless 
signal through a wireless channel using a receiver device, in 
accordance with various embodiments. 
0129. In step 2710 of method 2700, a sequence of two or 
more signals representing two or more data packets transmit 
ted through a wireless channel is received using a receiver 
device. The two or more signals are a result of two or more 
transmissions that are made sequentially in time at different 
center frequencies in order to span a desired. At least one of 
the two or more signals includes a physical layer preamble. 
0130. In step 2720, a time of arrival of one or more signals 
of the received sequence is calculated using one or more of the 
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received sequence, the time differences among the two or 
more transmissions, the different center frequencies, infor 
mation from the two or more data packets, and any carrier 
phase differences among the two or more transmissions using 
the receiver device. 
I0131 TF-WB Receiver Computer Program Product 
0.132. In various embodiments, a computer program prod 
uct includes a tangible computer-readable storage medium 
whose contents include a program with instructions being 
executed on a processor so as to perform a method for calcu 
lating the time of arrival of a wireless signal through a wire 
less channel. This method is performed by a system that 
includes one or more distinct Software modules, for example. 
0.133 FIG. 28 is a schematic diagram of a system 2800 that 
includes a receive module 2810 and a calculation module 
2820 that performs a method for calculating the time of arrival 
of a wireless signal through a wireless channel, in accordance 
with various embodiments. 
0.134 Receive module 2810 receives a sequence of two or 
more signals representing two or more data packets transmit 
ted through a wireless channel. The two or more signals are a 
result of two or more transmissions that are made sequentially 
in time at different center frequencies in order to span a 
desired. At least one of the two or more signals includes a 
physical layer preamble. 
0.135 Calculation module 2820 calculates a time of arrival 
of one or more signals of the received sequence using one or 
more of the received sequence, the time differences among 
the two or more transmissions, the different center frequen 
cies, information from the two or more data packets, and any 
carrier phase differences among the two or more transmis 
sions. 
(0.136 TF-WB Transmitter System 
0.137 Referring to FIG. 10, a system for calculating the 
time of arrival of a wireless signal through a wireless channel 
includes transmitter device 1000. Transmitter device 1000 
can include, but is not limited to, an access point, a Smart 
phone, a laptop computer or a wireless Smart tag. Transmitter 
device 1000 can include hardware, software, or a combina 
tion of hardware and software. 
0.138 Transmitter device 1000 transmits a sequence of 
two or more signals representing two or more data packets 
through a wireless channel. The two or more signals are 
transmitted using two or more transmissions that are made 
sequentially in time at different center frequencies in order to 
span a desired bandwidth. At least one of the two or more 
signals includes a physical layer preamble. The sequence is 
received by a receiver device. A time of arrival of one or more 
signals of the received sequence is calculated by the receiver 
device using one or more of the received sequence, the time 
differences among the two or more transmissions, the differ 
ent center frequencies, information from the two or more data 
packets, and any carrier phase differences among the two or 
more transmissions. 
0.139 TF-WB Transmitter Method 
0140 FIG. 29 is an exemplary flowchart showing a 
method 2900 for calculating the time of arrival of a wireless 
signal through a wireless channel using a transmitter device, 
in accordance with various embodiments. 
(0.141. In step 2910 of method 2900, a sequence of two or 
more signals representing two or more data packets is trans 
mitted through a wireless channel using a transmitter device. 
The two or more signals are transmitted using two or more 
transmissions that are made sequentially in time at different 
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center frequencies in order to span a desired bandwidth. At 
least one of the two or more signals includes a physical layer 
preamble. The sequence is received by a receiver device. A 
time of arrival of one or more signals of the received sequence 
is calculated by the receiver device using one or more of the 
received sequence, the time differences among the two or 
more transmissions, the different center frequencies, infor 
mation from the two or more data packets, and any carrier 
phase differences among the two or more transmissions. 
0142 TF-WB Transmitter Computer Program Product 
0143. In various embodiments, a computer program prod 
uct includes a tangible computer-readable storage medium 
whose contents include a program with instructions being 
executed on a processor so as to perform a method for calcu 
lating the time of arrival of a wireless signal through a wire 
less channel. This method is performed by a system that 
includes one or more distinct software modules, for example. 
014.4 FIG.30 is a schematic diagram of a system 3000 that 
includes a transmit module 3010 that performs a method for 
calculating the time of arrival of a wireless signal through a 
wireless channel, in accordance with various embodiments. 
Transmit module 3010 transmits a sequence of two or more 
signals representing two or more data packets through a wire 
less channel. The two or more signals are transmitted using 
two or more transmissions that are made sequentially in time 
at different center frequencies in order to span a desired 
bandwidth. At least one of the two or more signals includes a 
physical layer preamble. The sequence is received by a 
receiver device. A time of arrival of one or more signals of the 
received sequence is calculated by the receiver device using 
one or more of the received sequence, the time differences 
among the two or more transmissions, the different center 
frequencies, information from the two or more data packets, 
and any carrier phase differences among the two or more 
transmissions. 
0145 While the present teachings are described in con 
junction with various embodiments, it is not intended that the 
present teachings be limited to such embodiments. On the 
contrary, the present teachings encompass various alterna 
tives, modifications, and equivalents, as will be appreciated 
by those of skill in the art. 
0146 Further, in describing various embodiments, the 
specification may have presented a method and/or process as 
a particular sequence of steps. However, to the extent that the 
method or process does not rely on the particular order of 
steps set forth herein, the method or process should not be 
limited to the particular sequence of steps described. As one 
of ordinary skill in the art would appreciate, other sequences 
ofsteps may be possible. Therefore, the particular order of the 
steps set forth in the specification should not be construed as 
limitations on the claims. In addition, the claims directed to 
the method and/or process should not be limited to the per 
formance of their steps in the order written, and one skilled in 
the art can readily appreciate that the sequences may be varied 
and still remain within the spirit and scope of the various 
embodiments. 

What is claimed is: 
1. A system for calculating the time of arrival of a wireless 

signal through a wireless channel, comprising: 
a receiver device that 

receives a sequence of two or more signals representing 
two or more data packets transmitted through a wire 
less channel, wherein the two or more signals are a 
result of two or more transmissions that are made 
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sequentially in time at different center frequencies in 
order to span a desired bandwidth and wherein at least 
one of the two or more signals includes a physical 
layer preamble, and 

calculates a time of arrival of one or more signals in the 
received sequence using one or more of the received 
sequence, the time differences among the two or more 
transmissions, the different center frequencies, infor 
mation from the two or more data packets, and any 
carrier phase differences among the two or more 
transmissions. 

2. The system of claim 1, wherein said time differences 
among the two or more transmissions and said any carrier 
phase differences among the two or more transmissions are 
known to the receiver device before the received sequence is 
transmitted. 

3. The system of claim 1, wherein a transmission time of 
each of the two or more signals is encoded and included in the 
two or more data packets before transmission through the 
wireless channel and the receiver device determines said time 
differences among the two or more transmissions by decod 
ing and Subtracting the encoded transmission times of two or 
more consecutive data packets of the two or more data pack 
etS. 

4. The system of claim 1, wherein transmission time dif 
ferences among each of the two or more signals are encoded 
and included in the two or more data packets before transmis 
sion through the wireless channel and the receiver device 
determines said time differences among the two or more 
transmissions by decoding the encoded transmission time 
differences from the two or more data packets. 

5. The system of claim 1, wherein a carrier phase of each of 
the two or more transmitted signals is encoded and included 
in the two or more data packets before transmission through 
the wireless channel and the receiver device determines said 
any carrier phase differences among the two or more trans 
missions by decoding and Subtracting the encoded carrier 
phase from the two or more data packets. 

6. The system of claim 1, wherein carrier phase differences 
among each of the two or more transmitted signals are 
encoded and included in the two or more data packets before 
transmission through the wireless channel and the receiver 
device determines said any carrier phase differences among 
the two or more transmissions by decoding the encoded car 
rier phase differences from the two or more data packets. 

7. The system of claim 1, wherein the two or more data 
packets are different data packets. 

8. The system of claim 1, wherein the two or more data 
packets are the same data packets. 

9. The system of claim 1, wherein the two or more data 
packets conform to the IEEE 802.11 (Wi-FiTM) standard. 

10. The system of claim 1, wherein the two or more data 
packets conform to the BluetoothTM standard. 

11. The system of claim 1, wherein the two or more data 
packets conform to the Global System for Mobile Commu 
nications (GSM) standard. 

12. The system of claim 1, wherein the receiver device 
calculates an angle of arrival of one or more signals of the 
received sequence by receiving the sequence through two or 
more antenna paths simultaneously and using one or more of 
the received sequence, said time differences among the two or 
more transmissions, said any carrier phase differences among 
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the two or more transmissions, information from the two or 
more data packets, and the geometry of the two or more 
antennas. 

13. The system of claim 1, wherein the receiver device 
further calculates a location of the receiver device using the 
time of arrival and one or more time of arrivals calculated 
from one or more received sequences that are transmitted 
from one or more additional locations. 

14. The system of claim 13, whereintime division multiple 
access (TDMA) is used to differentiate the received sequence 
and the one or more additional received sequences at the 
receiver device. 

15. The system of claim 13, wherein orthogonal frequency 
division multiple access (OFDMA) is used to differentiate the 
received sequence and the one or more additional received 
sequences at the receiver device. 

16. The system of claim 13, wherein frequency division 
multiple access (FDMA) or code division multiple access 
(CDMA) is used to differentiate the received sequence and 
the one or more additional received sequences at the receiver 
device. 

17. The system of claim 13, wherein the received sequence 
and the one or more received sequences include parametric 
information that the receiver device uses to calculate a loca 
tion of the receiver device. 

18. The system of claim 17, wherein parametric informa 
tion comprises one or more of coordinates for the locations of 
the devices that transmitted the received sequence and the one 
or more received sequences, number, time duration, and cen 
ter frequencies of signal transmissions per location beacon 
for the received sequence and the one or more received 
sequences, or nominal start time for a first location beacon 
relative to a beacon time for the received sequence and the one 
or more received sequences. 

19. The system of claim 1, wherein the receiver device 
further receives a calibration sequence of two or more cali 
bration signals before receiving the sequence, which the 
receiver device uses to construct a calibration table storing 
measured changes in group delay and phase shift over a set of 
receiver gain settings and/or RF center frequencies, and later 
uses the calibration table contents in time-of-arrival and/or 
angle-of-arrival calculations. 

20. The system of claim 1, wherein the receiver device 
further sends a response sequence of two or more response 
signals representing two or more response data packets to a 
device from which the sequence was received and embeds in 
the two or more response data packets a turn-around-time so 
that the device calculates a distance between the receiver 
device and the device using the turn-around-time, wherein the 
turn-around-time comprises a difference between a first time 
of the receipt of the first signal in the sequence at an antenna 
of the receiver device and a second time of the beginning of 
the response sequence's beacon at an antenna of the receiver 
device. 

21. The system of claim 1, further comprising at least one 
additional receiver device that receives the transmitted 
sequence and calculates one additional time of arrival for the 
received sequence, wherein the time of arrival and the one 
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more additional time of arrival are used to calculate a location 
of a device that transmitted the received sequence. 

22. A system for calculating the time of arrival of a wireless 
signal through a wireless channel, comprising: 

a transmitter device that 
transmits a sequence of two or more signals representing 
two or more data packets through a wireless channel, 

wherein the two or more signals are transmitted using 
two or more transmissions that are made sequentially 
in time at different center frequencies in order to span 
a desired bandwidth, wherein at least one of the two or 
more signals includes a physical layer preamble, 
wherein a sequence is received by a receiver device, 
and wherein a time of arrival of one or more signals of 
the received sequence is calculated by the receiver 
device using one or more of the received sequence, the 
time differences among the two or more transmis 
sions, the different center frequencies, information 
from the two or more data packets, and any carrier 
phase differences among the two or more transmis 
sions. 

23. A method for calculating the time of arrival of a wire 
less signal through a wireless channel, comprising: 

receiving a sequence of two or more signals representing 
two or more data packets transmitted through a wireless 
channel using a receiver device, wherein the two or more 
signals are a result of two or more transmissions that are 
made sequentially in time at different center frequencies 
in order to span a desired bandwidth and wherein at least 
one of the two or more signals includes a physical layer 
preamble, and 

calculating a time of arrival of one or more signals in the 
received sequence using one or more of the received 
sequence, the time differences among the two or more 
transmissions, the different center frequencies, informa 
tion from the two or more data packets, and any carrier 
phase differences among the two or more transmissions 
using the receiver device. 

24. A method for calculating the time of arrival of a wire 
less signal through a wireless channel, comprising: 

transmitting a sequence of two or more signals represent 
ing two or more data packets through a wireless channel 
using a transmitter device, 

wherein the two or more signals are transmitted using two 
or more transmissions that are made sequentially in time 
at different center frequencies in order to span a desired 
bandwidth, wherein at least one of the two or more 
signals includes a physical layer preamble, wherein a 
sequence is received by a receiver device, and wherein a 
time of arrival of one or more signals of the received 
sequence is calculated by the receiver device using one 
or more of the received sequence, the time differences 
among the two or more transmissions, the different cen 
ter frequencies, information from the two or more data 
packets, and any carrier phase differences among the 
two or more transmissions. 
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