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PRECISION LOCATION METHOD AND SYSTEM

Cross-Reference to Related Application

[0001] This application claims the benefit of U.S. Provisional Application 61/336,372 filed

on January 20, 2010, the entirety of which is incorporated herein by reference.

Field of the Invention

[0002] In general, the invention relates to locating objects by means of radio signals.

More specifically, the invention relates to a system and method for locating objects in high

multi-path environments precisely using a multi-signal fusion approach.

Background of the Invention

[0003] The precise tracking of persons and/or objects is desirable in many applications.

One way to achieve precision indoor location with electronic tracking systems is by ranging

(estimating the distance) between one or more base stations and a mobile locator device.

Known examples of electronic locating systems that perform ranging are GPS technology, in

which satellite transmissions are used by mobile receivers to determine the position of the

mobile receivers, and cell phone location systems, where tower-located base station receivers

estimate the location of mobile hand-held cell phone transmitters.

[0004] However, in the past, several factors have hindered the use of known electronic

locating systems in indoor environments. One major impediment to the use of known locator

systems is multi-path signal contamination, referring to the signal scattering effect caused by

the local environment between the transmitter and the receiver, such as walls, support beams,

and any metal objects. Other impediments include insufficient signal strength, lack of

precision, the FCC spectrum non-compliance of ultra wide band systems, the need for pre

existing infrastructure, and failure of simple pulse distortion models in actual through-

building and multi-path propagation conditions.

Summary of the Invention

[0005] In view of the foregoing, it would be desirable to have a locator system that has the

capability to operate in high multi-path environments. It would also be desirable to have a

locator system that can resolve location precisely with a relatively narrow bandwidth signal.

It further would be desirable to have a locator system that does not require precise phase



relationships between receiver radio frequency electronics. It would also be desirable to have

a locator system that does not require a pre-existing infrastructure.

[0006] In accordance with these and other objects of the present invention, precision

locator methods and systems are described. The present invention alleviates problems

associated with known locator systems. The present invention has the capability to operate in

high multi-path environments, can deliver location precisely with a relatively narrow

bandwidth signal, generally does not require precise phase relationships between receiver

radio frequency electronics, and does not require a pre-existing infrastructure.

[0007] Accordingly, systems and methods for locating an object are disclosed herein.

According to one aspect, the locator system includes a plurality of reference units and a

processor in communication with the reference units. The reference units are positioned

about a region in which a mobile unit is located, and each reference unit includes a

transceiver for transmitting and receiving a transaction-based location signal to and from the

mobile unit. The processor is configured for estimating time offsets between the mobile unit

and reference units and aligning the transaction-based location signals from the reference

units by removing the time offsets. The processor is further configured for collectively

processing data representative of the aligned location signals based on a plurality of potential

locations to identify at least one of the potential locations as a likely mobile unit location.

[0008] In one example, collective processing of the representative data comprises creating

a matrix of range rephased signals from the received location signals at each potential mobile

unit location, and identifying at least one of the potential locations at which the magnitude of

the range rephased signal has a maximum DC component relative to a remainder of the

potential locations. In one example, the processor is in communication with a display for

displaying the at least one identified potential location.

[0009] In one example, collectively processing data representative of the aligned signals

comprises creating a matrix R where the columns of the matrix R are frequency domain data

of the aligned signals, iterating through a set of hypothetical time delays by selecting a

hypothetical time delay at each iteration, and creating a rephased version of matrix R at each

hypothetical position.



[0010] In one example, the representative data corresponding to a location signal

comprises a frequency domain representation of the location signal. The representative data

corresponding to a location signal may comprise samples of the location signal.

[0011] In one example, the system further comprises a mobile unit for transmitting and

receiving a plurality of transmission-based location signals. In one example, the system

further comprises a second mobile unit for transmitting a second location signal, and the

processor is configured to determine the location of the second mobile unit. Each reference

unit may distinguish the location signal and the second location signal based upon a

predetermined timing difference between the location signal and the second location signal.

Each reference unit may distinguish the location signal and the second location signal based

upon a predetermined difference in the frequencies of the location signal and the second

location signal. In one example, each reference unit transmits data representative of the

received location signal and the second location signal as they are received.

[0012] In one example, the system comprises a plurality of wireless transmitters for

transmitting a plurality of location signals.

[0013] According to another aspect of the invention, collectively processing data

comprises calculating a first metric at a plurality of potential locations based on aligned

received signals, calculating a second metric at the plurality of potential locations based on

unaligned received signals, and calculating a posterior probability distribution at the plurality

of potential locations based on at least the first metric and the second metric.

[0014] According to another aspect, the invention relates to methods for carrying out the

functionalities described above.

Brief Description of the Drawings

[0015] The system and method may be better understood from the following illustrative

description with reference to the following drawings in which:

[0016] Figure 1 is an illustrative diagram of the geometry and fundamental signal

propagation delays of an exemplary locator system consistent with the principles of the

present invention.



[0017] Figure 2 is a diagram of a rephasing grid illustrating one of the principles behind

an illustrative embodiment of the multi-signal fusion processing approach described herein.

[0018] Figure 3 is a block diagram of a system for precision location, according to an

illustrative embodiment of the invention.

[0019] Figure 4A is a sequence diagram of transactional synchronization according to an

illustrative embodiment of the invention.

[0020] Figure 4B is a diagram of transactional synchronization impulse responses

illustrating one of the principles behind an illustrative embodiment of the multi-signal fusion

processing approach described herein.

[0021] Figures 5A and 5B are flowcharts of a method of determining the location of a

mobile unit, according to an illustrative embodiment of the invention.

[0022] Figure 6 is a block diagram of a transceiver for use in a system for precision

location, according to an illustrative embodiment of the invention.

[0023] Figure 7A is a contour map illustrating a two-dimensional result for an ideal

simulation of an exemplary locator system consistent with the principles of this invention.

[0024] Figure 7B is a contour map illustrating a two-dimensional result for a simulation of

an exemplary locator system in an area with multiple reflectors consistent with the principles

of this invention.

[0025] Figure 8 is a contour map illustrating a three-dimensional experiment result of an

exemplary locator system consistent with the principles of this invention.

Description of Certain Illustrative Embodiments

[0026] To provide an overall understanding of the invention, certain illustrative

embodiments will now be described, including systems and methods for determining the

location of a mobile unit. However, it will be understood by one of ordinary skill in the art

that the systems and methods described herein may be adapted and modified as is appropriate

for the application being addressed and that the systems and methods described herein may



be employed in other suitable applications, and that such other additions and modifications

will not depart from the scope thereof.

[0027] The degradation of performance caused by the multi-path signal contamination

described above is generally addressed herein by application of a diversity signal combining

and position solution approach. This "multi-signal fusion" approach solves for the location

(in 2D or 3D space) using multiple received location signals, simultaneously and integrally,

and not by combining several independently obtained time delay solutions, as with traditional

Time of Arrival (TOA) methods, or by combining several independently obtained time

difference solutions, as with Time Difference of Arrival (TDOA) methods, determined

respectively from each individual received signal or pairs of such signals. Instead, potential

mobile unit positions in a region are applied as trial solutions until the unification of essential

aspects of the direct path components of the aligned received location signals is achieved.

[0028] The geometry and fundamental signal propagation delays of an exemplary locator

system consistent with the principles of an illustrative embodiment are depicted in Figure 1.

In this figure, a mobile unit M is shown inside a building which is surrounded by eight

stationary reference units (RUi-RUg). A propagation delay, tp, is associated with the signal

path from the mobile unit to the ρ reference point.

[0029] In general, the reference units RUP are placed about a region in which the mobile

unit M is located. For example, the reference units RUP may be positioned around a building

in which a firefighter carrying the mobile device M is operating. Results tend to improve as

the number of reference units RUP and the diversity of location and heights of the reference

units RUP increases. Preferably, the reference units RUP substantially surround the region.

For example, for the case of a generally rectangular building, reference units RUP are

preferably positioned along three sides of the building, though usable results may be achieved

by positioning reference units RUP along two sides or even just one side of the building. In

addition, particularly in situations in which positioning reference units around a building is

not practical, additional reference units may be positioned within the building at various

locations.

[0030] Figure 2 is a diagram of a rephasing grid 202 illustrating one of the principles

behind an illustrative embodiment of the multi-signal fusion processing approach described

herein. In this illustration, the only location signal received by each reference unit p is the



direct signal Rp (t) from the mobile unit. In a real-world application, however, multi-path

effects may cause reflected signals to also be received by reference units. The rephasing grid

202 identifies the fixed position of eight references units RUi through RU , depicted on the

grid as circles. In addition, the grid displays the inverse of signal delays tp (i.e., the signal

delay expected if the mobile unit were in fact located at that position) associated with two

potential positions 204 and 206 of a mobile unit, depicted as stars. In deriving the metric at

each of the potential positions, the base station computer generally applies the inverse of

signal delay tp to each received signal, Rp t , so that a set of rephased received location

signals,

R'p t = R t - t = ax t e p

is formed, where a is an amplitude factor that is a function of all the amplitudes of the direct

path received components received at the receiving antennas. In the equation, Rp (t) denotes

a location signal received at the ρ reference unit, and R'p t is a range rephased received

location signal. That is, R'p (t) corresponds to the signal Rp (t) had it not traveled a distance

that would result in a propagation delay of tn . In the equation, x t is the transmitted

location signal, and ae J s the amplitude and phase by which the rephased received location

signal R'p t differs from the transmitted signal x t . In analyzing a set of potential mobile

unit locations (for example, in step 516 of Figure 5A), if a potential mobile unit location

corresponds to the correct mobile unit location, the rephased received location signals from

each reference unit are identical to within a constant amplitude and phase factor of each

other. Thus, the ultimate goal of the multi-signal fusion based location estimation process is

to find the location which results in the above unification of the rephased location signals.

[0031] A block diagram showing the hardware elements of a system for location estimation

300 and the inter-element connections is depicted in Figure 3 . Mobile transceiver 302,

similar to mobile unit M in Figure 1, would be inside a region or building surrounded by P

reference units such as 310, 320, and 330, which are similar to RUi-RUg in Figure 1. The

mobile transceiver may be a component of a larger system containing, for example, distress

or diagnostics features. The mobile transceiver may be capable of detecting its user's vital

signs and environmental information including barometric pressure and air temperature and

sending this data using a different frequency band (e.g. an ISM band) from the frequency

band used for the location signal. The mobile transceiver generates an analog location signal



and transmits it via antenna 304. The location signal is preferably composed of unmodulated

RF base band signals at a plurality of frequencies. Preferably the frequencies are selected to

be sufficiently close such that differences in their phase shifts due to intervening material

properties (for example, from passing through walls and other building materials) are

negligible. In one implementation, the number of selected frequencies is on the order of 100,

for example in the 550-700 MHz band.

[0032] To determine the location of the mobile transmitter, antennas 314, 324, and 334

receive the location signal transmitted by the mobile antenna 304 and send the signal to

reference transceivers 312, 322, and 332, respectively. In another embodiment, each

reference unit consists of multiple antennas and a single shared router. In this embodiment,

the reference unit may have a single transceiver for processing all of the antenna inputs, or a

dedicated transceiver for each antenna. Mobile transceiver 302 and reference transceivers

may be the same type of transceiver. An exemplary hardware implementation for the mobile

and reference transceivers is discussed in relation to Figure 6 . The transceiver 312, shown

connected by a wire to computer 318, digitizes the received signal and sends it directly to

computer 318 for processing. The transceivers 322 and 332 digitize their received signals

and pass them via wired connections to wireless routers 326 and 336, respectively. The

wireless routers 326 and 336 transmit their respective reference unit's received location

signals to the wireless router 316, which sends the received location signals via a wired

connection to the computer 318 for processing. The wireless connections between router 316

and routers 326 and 336 may be transmitted through any wireless connection, such as a

ZIGBEE, BLUETOOTH, or WI-FI connection. Alternatively, there may be wired

connections (not shown) between the computer and the reference units, eliminating the need

for wireless routers in reference units 2 through P. In another embodiment, there is no base

reference station, and the computer is separate from the reference units.

[0033] The base station computer 318 analyzes the received data to estimate the location of

the mobile transceiver 302. The base station computer may be any known computing device,

including a personal computer, a laptop computer, a personal digital assistant, or other

computing devices with general purpose processors that are configured to output an estimated

location.

[0034] One such method for determining the location of the mobile transceiver 302 using

the location estimation system 300 is transactional array reconciliation tomography (TART),



which depends on the time synchronization of the mobile and reference units so that the time

of arrival is known. To perform TART, the wireless links between the mobile unit 302 and

reference transceivers 312-332 are also used to synchronize the transceivers. The mobile

transceiver 302 and reference transceivers 312-332 exchange a synchronizing transaction, in

which synchronization signals are transmitted by each reference transceiver 312-332 and

captured by the mobile transceiver 302, and another synchronization signal is transmitted by

the mobile transceiver 302 and captured by each reference transceiver 312-332. These

synchronization signals or a subset of the synchronization signals may be the same as the

location signals used for location estimation.

[0035] The synchronization process, discussed in the Synchronization section that follows,

will be described in overview in relation to Figure 4A, and described in further detail in

relation to Figure 4B. Following the discussion of mobile unit and reference unit

synchronization, methods for location estimation using the synchronized signal will be

described. An overview of the location determination process will be discussed in relation to

Figure 5A. Several algorithms for estimating the location of the mobile unit will be presented

and described in relation to Figure 5B.

Synchronization

[0036] An overview of the method for synchronization will be described in relation to

Figure 4A. Then, the channel response will be discussed in detail in relation to Figure 4B

and an algorithm for determining the time offsets will be presented.

[0037] Because the clocks of mobile unit and the reference units are controlled by different

oscillators, the clocks of the mobile and all of the reference units will be randomly offset

from each other in time. In order to know the absolute time delay, or time of arrival, a

synchronization transaction between the mobile unit 404 and each reference unit 406 can be

generated and processed at the base station computer 402, as shown in Figure 4A. The base

station computer can then align the received location signals. As shown in Figure 4A, the

mobile unit first transmits a multicarrier transmission synchronization signal 408 to each

reference unit at time to. Soon thereafter at time ti, each of the reference units sends the same

multicarrier transmission synchronization signal 410 to the mobile unit. Then, both the

mobile unit and reference units send the received synchronization signal data 412 and 414 to

the base station computer 402, which may be similar to base station computer 318. Through



a method described in detail with respect to Figure 4B, the base station computer 402 is able

to calculate the time offset between the mobile and reference units.

[0038] While in Figure 4A the reference unit is shown transmitting to the mobile station

first, followed by the mobile unit transmitting to the reference unit, the order of the

synchronization signals is not important. In addition to the signal transmissions shown in

Figure 4A, there may be an additional transmission from the reference unit to the mobile unit

for estimating the clock drift of the mobile unit over the time of the transaction. In one

implementation, in order to maintain alignment over time, the time between synchronization

transactions is no more than on the order of tens of milliseconds.

[0039] Figure 4B is a diagram of transactional synchronization impulse signals and

responses illustrating a method of synchronizing the mobile unit and the reference units. As

stated above, the synchronization signal is preferably a multicarrier signal. However, for

purposes of illustration, the transmitted synchronization signal 452 shown in 450 Figure 4B is

an impulse in the time domain, x t = 5(t). The ideal received signal received after the

signal travels through a multipath channel is the impulse response of the channel h t ) ,

illustrated as 454. The impulse response 454 consists of several summed versions of the

input signal, with various attenuations and delays, which is consistent with a multipath

channel model.

[0040] The mobile unit and reference units are driven by their own oscillators, creating

mismatch and frequency drift between the mixer frequencies and sample clock frequencies.

Each oscillator is also stochastically time-varying due to thermal fluctuations. Mobile

transmission windows 460 and reference receiving windows 470 should be aligned in time.

However, over time, independent oscillators create random time offsets between the mobile

unit's transmit windows and each reference unit's receive windows. Before synchronization,

the mobile unit's windows 460 and a reference unit's windows 470 have a random time

offset . Thus the transmit and receive windows will not line up in time, but rather will be

shifted from one another by τ as shown in Figure 4B. If the reference units are not

synchronized, each reference unit will have a different time offset τ from the mobile unit. If

the mobile transceiver transmits a signal x(t), each reference transceiver p would

receive h t —f ) , complying with the notion of received signals having a random time

offset. Shortly after this initial signal capture, a second capture takes place where the



reference transceiver transmits and the mobile transceiver receives. This received signal will

be h t + , the same as the first received signal but with a shift of τρ in the opposite

direction. This assumes that the radio channel response obeys Lorentz Reciprocity. That

knowledge of h t —τρ ) and h t + τρ ) allows solving for the unknown random time offset τ

by the following process.

[0041] For a transaction with a multicarrier synchronization signal and a non-ideal

synchronization discussed above, the received synchronization signals in the frequency

domain would be:

where r q and r are the synchronization signals received by the mobile transceiver q and

reference transceiver p, respectively, and hq is the reciprocal channel response between the

two units. Received synchronization signals have the same random time offset in opposite

directions.

[0042] After receiving the received synchronization signals from the mobile and reference

units, the base station computer divides the frequency domain representation of the received

signals, which cancels out the channel response term:

[0043] The result is a complex sinusoid with a periodicity that corresponds to 2τρ . The

base station computer may estimate the periodicity of this complex sinusoid using a Direct

State Space pole solver, a frequency estimation technique using Singular Value

Decomposition, or another suitable estimation method. The Direct State Space technique

ignores frequency independent phase terms, so the random frequency independent phase

terms q and 6 are acceptable. The estimated pole is:

Vol = (2∆ )
[r q ]



The angle of the complex pole is:

[r ]
Ζ e — = 2∆ τ + 2π α

[r q ]

where a is an integer. Then the time offset f is:

_ θ

P 2∆ω 2

where T is the period of the multicarrier synchronization signal. Solving for f yields

infinite solutions, one for each integer value of a . Since the multicarrier signal is periodic,

any transmitted or received signal is unaffected by a time shift that is an integer number of

periods, so only solutions for in the interval [0, T) are considered. Thus, there are only

possible solutions for a = 0 and a = — 1 .

[0044] In one embodiment, for a multicarrier signal with period T serving as both the

location and synchronization signal, it may not be possible to distinguish between the two

poles, and choosing incorrectly may result in a large timing error. In order to determine the

correct f for aligning or rectifying a multicarrier location signal with period T, a multicarrier

synchronization signal x t ) with at least about twice as many carriers and at least about half

the carrier spacing is preferrably used, although in some embodiments it may be possible to

use fewer additional carriers while still resolving the time-offset ambiguity. The period of a

synchronization signal with twice as many characters is 2T = 2 , allowing proper

estimation of f as follows:

, , [rp]

_
2∆ω

[0045] The original multicarrier location signal x t is a subset of the frequencies of

synchronization signal t ) , so the received location signal vector r may be constructed as a

subset of the received synchronization signal vector r . Once the time offset f has been

determined, the received location signal from each reference unit p may be rectified. The

unsynchronized received location signal r = m can be simplified by

eliminating the τ term.



Methods for Position Estimation

[0046] Figure 5A and 5B are flow charts describing methods for determining a location of

a mobile unit in the environment described above with respect to Figure 1, according to an

illustrative embodiment of the invention. First, in relation to Figure 5A, a method for

generating, transmitting, and processing location data using the system elements described

above in relation to Figure 3 to estimate the location of a mobile unit in a region will be

described. Then, in relation to Figure 5B, algorithms for processing the location data and

calculating a location estimate will be presented and discussed in detail.

[0047] The location estimation method 500 begins with the placing of the plurality of

reference units RU about a region in which the mobile unit M is located (step 502), as

discussed in relation to Figure 1. The positions of the reference units may be known or

determined after being placed. Once the references are placed, two processes are performed

in parallel. Location signals are transmitted from the mobile transceiver to the reference

units, which transmit the received signals to the base station computer for processing (steps

506 through 514). At the same time, the mobile unit is synchronized with the reference units

(step 504) by calculating the random time offset τ and rectifying the received location

signals, as discussed above in relation to Figures 4A and 4B.

[0048] While the mobile unit and reference unit are synchronized, the mobile unit transmits

a location signal (step 506). The location signal is preferably composed of unmodulated RF

base band signals at a plurality of frequencies. Preferably the span of the frequencies is

selected to be sufficiently small such that differences in phase shift due to intervening

material properties (for example, from passing through walls and other building materials)

are negligible. Additionally, a bandwidth extrapolation technique may be used to

synthetically increase the bandwidth. This technique fits an autoregressive model to the

received frequency data from which additional frequency samples are extrapolated.

[0049] In one implementation, in a residential building, on the order of 100 frequencies in

the 550-700 MHz band are selected. However, the frequency band and number of carriers is

dependent on a number of factors, and the frequencies chosen can vary widely based on these

factors. For example, for a residential building, frequencies on the order of gigahertz may

provide increased performance, while in a structure built from brick, mortar, or concrete,

lower frequencies on the order of hundreds of megahertz may provide increased performance.



However, suitable results may be obtained at frequencies from about 100 MHz up to about 10

GHz. For these and other applications, depending on the material properties in the region and

desired precision of the location estimates, higher or lower frequencies may be desirable.

Furthermore, frequency selection may be dependent upon regulatory requirements, such as

FCC regulations. Carrier spacing is also be based on the size of the frequency band and

allowable frequencies. In general, it is preferable for frequencies to be closely spaced across

a wide band. The closer spaced the frequencies, the greater an area in which a mobile unit

can be located unambiguously. The aforementioned frequencies and considerations are

intended to be exemplary, rather than restrictive, in nature.

[0050] As was discussed above in relation to Figure 4B, the location signal may be the

same signal as the synchronization signal transmitted by the mobile unit. In this case, the

frequencies of the location signal are a subset of frequencies of the synchronization signals.

An exemplary transmitted multicarrier signal x(t) = ∑ = ~ ω ° + η ω + θ is the sum of

M sinusoids spaced ∆ apart in frequency, the lowest frequency sinusoid having

frequency 0 , and each sinusoid having initial phase angle m . The Fourier transform of the

transmitted multicarrier signal is:

[0051] The location signal, stored in the mobile unit's memory, is converted to an analog

signal using a digital to analog converter (DAC). The chosen carrier frequencies are

generally too high to be the direct output of the DAC, so the baseband signal is upconverted

to a higher frequency by an RF mixer before being transmitted by the antenna of the mobile

unit.

[0052] The reference units receive the location signal at their respective locations (step

508). In certain environments, such as inside a building, reflectors may cause a multipath

signal in which the transmitted signal may interact with a reflector to create a reflected signal

also received by one or more reference units. Thus, in general, P reference units, indexed by

p, receive N total direct and/or reflected signals, indexed by n; the received signal at P is a

sum of direct and/or reflected signals. The reference units digitize the received location

signal (step 510) using an analog to digital converter (ADC). The location signal may be at

too high a frequency to be converted by the ADC. Thus, an RF mixer at the same frequency



as the upconverting RF mixer in the mobile unit downconverts the received analog signal

before it is received by the ADC.

[0053] The received location signal in the frequency domain is Λ ( = Η ω Χ ω ,

wherein ω is the frequency response of the channel. In one implementation, the

transceiver discretizes the location signals into a M x 1 matrix in which the m* element is the

received signal at frequency 0 + πιΑω , so Λ ( is an M x P matrix. If a received signal

frequency is not precisely one of the m frequencies, most of the energy is reflected in the

nearest frequency element, possibly with slight leakage into other elements. Certain

considerations, such as the selection of the mixer frequency for upconversion and

downconversion, help minimize leakage. Further processing is performed in the frequency

domain. In a different implementation, the transceiver sends the raw data to the base station

computer which performs the discretization.

[0054] The P reference units then transmit data corresponding to the N received signals to a

base station computer (step 512). The signal data may be transmitted over a hardwired link

or a wireless link, such as a ZIGBEE, BLUETOOTH, or WI-FI connection.

[0055] The base station computer then receives (step 514) the location signal data from the

reference units RU and processes them in a unified, collective fashion (step 516). More

particularly, the base station computer processes the signal data based on the following

principles:

• If the actual distance from the mobile unit to a given reference unit were known, the

difference in phase between a transmitted signal from a mobile unit and the signal as

it is received by the reference unit can be accounted for, but for a phase shift caused

by a time offset in the local oscillator of the reference unit and by specific

characteristics of the channel (for example, the types of materials the signal

propagated through from the mobile unit to the reference unit).

• The bandwidth of the transmitted location signal can be set to be sufficiently narrow

that the phase shift caused by channel characteristics is, for all practical purposes,

frequency independent.

• The phase shift caused by the time offset of the local oscillator is also frequency

independent.



• Ignoring multi-path issues, assuming the receipt of location signal data from at least

four reference units, there is only one set of propagation delays, i.e., one set of

mobile-reference distances and one mobile unit location, which if subtracted from the

signals received by the reference units, would result in each of the received signals

being different from the transmitted signal by a reference unit dependent, but

frequency independent, constant phase. If constraints on potential positions are

assumed, fewer received signals may be sufficient.

• Absent issues of multi-path, any other position would result in a frequency dependent

phase shift in addition to the frequency independent phase shift between the signals

received by the reference units.

[0056] Based on the above principles, by comparing characteristics of the received location

signals at a set of possible mobile unit locations, one or more locations can be identified as

likely actual locations. Thus, the processing (step 516) carried out by the processor of the

base station computer includes comparing each of the received signals at each of a plurality

of assumed positions and identifying specific locations as being likely mobile unit locations.

More particularly, this processing is based upon an evaluation of a metric for each potential

mobile unit position [xk,yk,Zk] in the region of interest based on the received signals. Several

illustrative metrics are discussed further in relation to Figure 5B. Ultimately a 2D or 3D

metric function is formed in which peak values identify the mobile unit position. Knowledge

of the positions of signal reflectors, while not critical to the end user, can provide useful

engineering and diagnostic data. After likely mobile unit positions are determined in step

516, the positions are displayed to a user in step 518.

[0057] Figure 5B depicts a flow chart for calculating several metrics from the location

signals to estimate the location of the mobile unit. In order to estimate a mobile unit's

location from the received signal matrix, the received location signals are used to calculate a

metric at a every point or position in a "scan grid" (a discrete set of points in the solution

space), as demonstrated by the loop around Figure 5B. A moderately sized scan grid for a

small building may be on the order of 10,000 points. The loop starts by analyzing the first

scan grid position according to one of several methods that will be described in detail in

relation to steps 550 through 558. After the first and all subsequent iterations, the computer

determines if the last grid position has been reached (step 560). If the last scan grid position

has not been reached, the next position in the scan grid is selected (step 562) and one or more



metrics for that scan grid position are calculated until at least one metric has been calculated

for every scan grid position. Then, the scan grid position with the highest metric, which

correlates to the most likely position, is identified (step 564).

[0058] At each of these scan grid positions, at least one metric is calculated. Steps 550,

552, and 554 describe an algorithm for determining the TART metric. In addition to the

TART metric, another algorithm, singular array reconciliation tomography (SART), may be

used to determine a SART metric (step 556). The TART and SART metrics may be used in

combination (step 558) to calculate a third metric. The most likely mobile unit position is

then identified as the position where one or more of the calculated metrics is maximized (step

564). Each of these steps will be described in detail below.

[0059] For each scan grid position, the received location signal matrix is first rephased

according to the method described above in relation to Figure 2 . The matrix R ' of the

received location signals is formed by undoing the time delay that would have been applied

to the data by propagating through free space if the mobile unit was at that point (step 550).

The RF mixers described in relation to Figure 3 for upconverting the transmitted location

signal and downconverting the received location signal are driven by different oscillators and

are not synchronized, so they unpredictably go in and out of phase. Ideally, upconverting a

signal with one mixer and downconverting with another mixer at the same frequency would

reproduce the original signal. However, because the RF mixers are out of phase, a random

phase offset § t ) that is time-varying but constant across frequency is introduced: R t ) =

H ( ) ( ) . Due to this mixer phase offset, the rephased matrix is:

' R'ideal

[0060] In addition to the phase offset matrix, there would ordinarily be a time offset pre-

multiplication matrix caused by sample clock drift in the formula for R'. However, for the

TART algorithm, the time offset is eliminated by synchronizing the mobile unit with the

reference units (step 552), discussed previously in the Synchronization section. The received

location signal matrix rephased at the correct mobile unit location is then:



wherein γ is the attenuation for signal n and reference antenna p and t p is the time delay

test value from the rephasing procedure for reference antenna p . Of the rephased,

synchronized matrices (one for each scan grid position), the matrix for the scan grid position

nearest the actual mobile unit location should have the highest DC component. So, the

TART metric is found (step 554) by summing the magnitudes of the DC components of the

signals from each reference unit. First, the columns of the rephased matrix are summed,

wherein the DC terms add constructively (in phase), while the AC sinusoids average out to

zero or nearly zero for a large signal bandwidth:

1 MR = Μ [γ 0 β Y O e Y0,P e

[0061] The absolute value of each element {elm) is then calculated to get the magnitude of

the DC terms:

e (l i *') = | ,i Υο,ρ Ύ ,ρ \

[0062] Finally, these terms are summed to attain the TART metric for a scan grid position:

TART metric = + γ ρ + γ Ρ \

The scale factor M is a constant which scales the value of the TART metric by the same

amount at all scan grid locations, not changing the location of the global maximum, which is

the position estimate.

[0063] Another algorithm to analyze the received location signals is singular array

reconciliation tomography (SART), discussed in US Patent Application Publication No.

2010/0277339, the contents of which are incorporated herein in its entirety. This algorithm is

similar to a TDOA RF based approach, but as in the TART algorithm, it considers data from

all of the receiving antennas as one set, rather than performing individual ID ranging

estimates. Again, the received location signals are converted to a frequency representation

and the received signal matrix is rephased as described above in relation to Figure 3 . While

TART synchronizes the mobile and reference units eliminating the affect of the time offset,

SART does not feature synchronization. Thus, the received location signal for SART

includes mixer phase offset, (t ) , and sample clock drift, (t ) , giving the following

rephased, received signal matrix for a scan grid position:



R ' =

[0064] Both of the diagonal matrices in the above equation are unitary. Multiplication of a

matrix by a unitary matrix retains the singular values of the original matrix. Thus, the

singular values of R ' are the same as the singular values of a d the SART metric

ignores any constant time-offset on all receive antennas' data. This means that the effects of

sample clock drift are ignored; however, any absolute distance information from a particular

receive antenna is also ignored. Therefore, SART is fundamentally a TDOA approach.

[0065] In order to estimate a mobile unit location from the above received location signal

matrix, a SART metric of R ' is evaluated at every trial point in the scan grid using singular

value decomposition, which comprises the steps of QR decomposition, bidiagonalization, and

diagonalization. The magnitude of the first singular value compared to the magnitude of

other nonzero singular values forms the SART metric; the scan grid location with the highest

SART metric is the location estimate.

[0066] The SART and TART metric may be used in conjunction to potentially find a more

accurate metric than either the SART or TART metrics alone. Although the SART and

TART metrics are used to estimate the same parameter, mobile unit location, they are weakly

correlated in high multipath environments. In some cases, the SART and TART probability

distributions are orthogonally skewed, and while one metric is accurate in one dimension, the

other is accurate in another dimension. Thus, fusing the two metric outcomes of the

algorithms may permit more accurate location estimation.

[0067] In order to build an estimator for the position of the mobile unit using a combination

of SART and TART, the base station computer first constructs probability density functions

(PDF), or likelihood functions, which correspond to the distributions of SART and TART

metrics calculated from the received data (steps 554 and 556). The posterior distribution to

be calculated is also a discrete number of points, in one implementation in the order of 10,000

points, which lie on planes stacked along the z-axis. A three dimensional location estimate

x = x,y, z from the SART and TART metrics may be calculated using a Bayesian estimation

process (step 558). In one implementation, barometric data received from sensors on the

mobile unit, at one or more reference units, at the base station, or from another component, is



used for height estimation in the Bayesian estimation process. For every point in the discrete

scan grid, a posterior probability is calculated as follows:

P DSART ,DTART,Db \x, I P x \I

where DSART is the SART data, DTART is the TART data, Db is barometric data, and I is any

available prior information, such as the inter-floor spacing or the location of stairs/elevators.

The position in the scan grid where the posterior probability is maximized corresponds to the

point in space where the mobile unit is estimated to be, based on the available data.

[0068] Strategies for accelerating the formation and search of the region can be utilized to

reduce the computational requirements for location determination. For example, a coarse

grained scan of a region of interest can be carried out, followed by a fine grained search on

identified areas of interest within the scanned region. This process can further be improved

by interpolating the results of the coarse search to narrow the areas of interest. Both

Lagrangian and Spline interpolation methods, among others, are suitable for this purpose. In

addition, or in the alternative, the search can be expedited by using gradient search methods

known in the art.

Hardware Implementation

[0069] Figure 6 is a block diagram of a transceiver 600 for use in a system for precision

location, according to an illustrative embodiment of the invention. The transceiver 600,

particularly the transceiving elements 612 through 624, may be used for both the mobile unit

and the reference units, although certain components and features may differ. Clock

generator 602 produces a timing signal for synchronizing the transceiver's operation. In one

implementation, a phase-locked loop (PLL) is connected to a voltage controlled oscillator

(VCO), wherein the PLL controls the VCO with a feedback loop to produce the desired clock

output. The field programmable gate array (FPGA) 606, connected to the clock generator

602, stores the digital samples for the location and/or synchronization signals and forms the

core of the transceiver, controlling its operation and performing any processing, such as

discretizing the frequency-domain signals as discussed above in relation to Figure 5A. The

FPGA may be connected to peripheral components 604, such as sensors of user's vital signs,

barometric sensors, other environmental sensors, and user interfaces, such as a distress

button.



[0070] A high speed data link 608 is used to send location and/or synchronization signals to

the base station using a wireless connection such as a ZIGBEE, BLUETOOTH, or WI-FI

connection. In one embodiment, the high speed data link 608 sends a representation of the

received waveform. A high speed memory 610 such as SRAM or DDR SDRAM stores the

representation of the received waveform before sending it to the base station using the high

speed data link 608.

[0071] The transceiving components 612-624 perform the functions needed to convert,

send, and receive location and synchronization signals. For outgoing signals, the digital to

analog converter (DAC) 618 first converts the digital receiver in memory to an analog signal.

The analog transmit chain 620 may include amplifiers, mixers, and filters to prepare the

analog signal for transmission. A multiplexer 616 is connected to the analog transmit chain

620 and a SubMiniature version A (SMA) connector 622, as well as an analog receive chain

614 for processing received signals. The SMA connector 622 connects the multiplexer to the

antenna 624, which transmits and receives analog signals. The multiplexer 616 controls

whether a signal travels from the analog transmit change to the SMA connector 622, or from

the SMA connector to the analog receive chain 614. Alternatively, other switching elements

may be used.

[0072] When an analog signal is received, it passes from the antenna 624 through the SMA

connector 622 and the multiplexer to the analog receive chain 614. The analog receive chain

614 contains elements similar to the analog transmit chain 620 to prepare the signal for the

analog to digital converter (ADC) 612. The ADC converts the analog signal into a digital

signal and sends the digitized signal to the FPGA 606. Prior to use, the delay and frequency

effects of all of the hardware elements (amplifiers, mixers, filters, cables, connectors, etc.)

should be calibrated so their effects on the received signal may be removed in the transceiver

600 or at the base station computer before calculating the TART metric.

Experimental Results

[0073] Figures 7A and 7B depict two two-dimensional TART simulation results. Figure

7A depicts contour map 700 of an ideal simulation. Reference units are marked on the plot as

circles 706 every five meters along the perimeter of the simulation area. The actual position

of the mobile unit and the estimated position of the mobile unit 702 are indistinguishable, as

there is zero position error between the actual and estimate. The contour lines grow closer



together near the mobile unit, showing that the metric increases at a faster rate closer to the

mobile unit.

[0074] Figure 7B depicts contour map 710 of a simulation with six reflectors marked on the

plot as triangles 718. The reference units are again marked on the plot as circles 716 every

five meters along the perimeter of the simulation area. In this simulation, the actual mobile

unit location is marked as square 712, while the estimated mobile unit location is marked as

an "X" 714. Again, the contour lines grow closer together near the mobile unit, showing that

the TART metric increases rapidly near the mobile unit. The position error is only 0.40 m

between the actual and estimated location, and the contour lines do not show increases in the

TART metric around the reflector areas, indicating that the TART algorithm is highly

accurate in a high multipath environment.

[0075] Figure 8 depicts the contour plot 800 from an experimental test on a working model

of the TART system deployed around a three-story building. Four ladders with reference

units at four heights were deployed along one side of the building, and a mobile unit was

positioned inside the building on the first floor, 1.17 meters above the ground floor. On the

contour plot 800, the reference units are marked with circles 806. The actual mobile unit

location is marked as square 802, while the estimated mobile unit location is marked as an

"X" 804. The position error is only 0.58 m between the actual and estimated location, and

this would likely be even smaller if reference units were positioned along more sides of the

building.

Additional Embodiments

[0076] In other embodiments, the device to be located could calculate its own position by

receiving location signals from synchronized reference units having known locations. The

same processing described above can be applied to the signals received by the single mobile

unit to identify its position. That is, by scanning a set of potential locations, the mobile unit

can identify its actual location by finding a location at which the TART metric is maximized.

[0077] Principles described herein may also be used for applications outside of position

determination. For example, they may be used for active and passive multi-static radar

applications, optical and radio astronomy, and Sonar systems. In various ones of the



implementations described herein, the mobile unit may be replaced with a signal reflector or

a signal repeater.

[0078] The embodiments described above have generally assumed that there is one mobile

unit to be located. However, the systems and methods described herein may also be used to

simultaneously locate multiple mobile units in a region of interest. In one embodiment, as

many as 100 location signals may be received at the same time. In one multi-mobile unit

location system, time is divided into a series of time slots. Each mobile unit is assigned a

regular time slot in the series. The base station, in one implementation, transmits a signal for

synchronizing the clocks of the mobile units and reference units. The reference units receive

the time-multiplexed signal transmitted by the mobile units and extract each mobile unit's

signal from the respective time slots. Alternatively, the signal differentiation can be carried

out by the base station after receiving data about the full signal from the transceivers. Then

the base station analyzes each mobile unit's respective location using any of the

methodologies described above.

[0079] In other embodiments of the system that are configured for locating multiple mobile

units, each mobile unit is assigned its own location wave form. For example, each mobile

unit is assigned a set of carrier frequencies at which to transmit. In one implementation, the

carriers are interleaved and do not overlap one another. The assignments of carrier

frequencies are known by the base station. In one implementation, the base station conducts

separate scans of the region of interest as described above using range rephased matrices that

include the carriers of each respective mobile unit. In another implementation, the base

station scans the region with a matrix that includes the carrier frequencies of all mobile units.

[0080] While preferable embodiments of the present invention have been shown and

described herein, it will be obvious to those skilled in the art that such embodiments are

provided by way of example only. Numerous variations, changes, and substitutions will now

occur to those skilled in the art without departing from the invention. It should be understood

that various alternatives to the embodiments of the invention described herein may be

employed in practicing the invention. It is intended that the following claims define the

scope of the invention and that methods and structures within the scope of these claims and

their equivalents be covered thereby.



What is claimed is:

1. A system for locating an object, comprising:

a plurality of reference units for positioning about a region in which a mobile unit is

located, each reference unit including a transceiver for transmitting and receiving a

transaction-based location signal to and from the mobile unit; and

at least one processor configured for:

estimating time offsets between the mobile unit and the plurality of reference

units;

aligning the transaction-based location signals by removing the time offsets;

and

collectively processing data representative of the aligned location signals

received from the plurality of reference units based on a plurality of potential locations to

identify at least one of the potential locations as a likely mobile unit location.

2 . The system of claim 1, wherein the collective processing of the representative data

comprises:

creating a matrix of range rephased signals from the plurality of received location

signals at each of the plurality of potential mobile unit locations; and

identifying at least one potential location of the plurality of potential locations at

which the magnitude of the range rephased signal has a maximum DC component relative to

a remainder of the potential locations.

3 . The system of claim 1, further comprising a display in communication with the processor

for displaying the at least one identified position.

4 . The system of claim 1, wherein the representative data corresponding to a location signal

comprises a frequency domain representation of the location signal.

5 . The system of claim 1, wherein the representative data corresponding to a location signal

comprises samples of the location signal.



6 . The system of claim 1, further comprising a mobile unit for transmitting and receiving a

plurality of transaction-based location signals;

7 . The system of claim 6, wherein the system further comprises a second mobile unit for

transmitting a second location signal and the processor is configured to determine the

location of the second mobile unit.

8. The system of claim 1, wherein each reference unit receives a second location signal from

a second mobile unit, and distinguishes the location signal and the second location signal

based upon a predetermined timing difference between the location signal and the second

location signal, and wherein each reference unit transmits data representative of the received

location signal and the second location signal as they are received by the respective reference

unit.

9 . The system of claim 1, wherein each reference unit receives a second location signal from

a second mobile unit, and distinguishes the location signal and the second location signal

based upon a predetermined difference in frequencies of the location signal and the second

location signal, and wherein each reference unit transmits data representative of the received

location signal and the second location signal as they are received by the respective reference

unit.

10. The system of claim 1, wherein each reference unit receives a second location signal

from a second mobile unit, and wherein each reference unit transmits data representative of

the received location signal and the second location signal as they are received by the

respective reference unit.

11. The system of claim 1, wherein the system further comprises a plurality of wireless

transmitters for transmitting a plurality of location signals.

12. The system of claim 1, wherein collectively processing data representative of the aligned

signals comprises:

creating a matrix R where the columns of the matrix R are frequency domain data of

the aligned signals;

iterating through a set of hypothetical time delays by selecting a hypothetical time

delay at each iteration; and



creating a rephased version of matrix R at each hypothetical position.

13. A system for locating an object comprising:

a plurality of reference units for positioning about a region in which a mobile unit is

located, each reference unit including a transceiver for transmitting and receiving unaligned

transaction-based location signals to and from the mobile unit; and

at least one processor for:

estimating time offsets between the mobile unit and the plurality of reference

units;

aligning the transaction-based location signals by removing the time offsets;

and

collectively processing data representative of the unaligned location signals

and the aligned location signals to identify at least one of the potential locations as a likely

mobile unit location, wherein collectively processing data comprises:

calculating a first metric at the plurality of potential locations based on

the aligned signals;

calculating a second metric at the plurality of positional locations

based on unaligned signals; and

calculating a posterior probability distribution at the plurality of

potential locations based at least the first metric and the second metric.

14. A method for locating an object, comprising:

positioning a plurality of reference units about a region in which a mobile unit is

located, each reference unit including a transceiver for transmitting and receiving a

transaction-based location signal to and from the mobile unit;

estimating time offsets between the mobile unit and the plurality of reference units;

aligning the transaction-based location signals by removing the time offsets; and



collectively processing data representative of the aligned location signals received

from the plurality of reference units based on a plurality of potential locations to identify at

least one of the potential locations as a likely mobile unit location.

15. The method of claim 14, wherein the collective processing of the representative data

comprises:

creating a matrix of range rephased signals from the plurality of received location

signals at each of the plurality of potential mobile unit locations; and

identifying at least one potential location of the plurality of potential locations at

which the magnitude of the range rephased signal has a maximum DC component relative to

a remainder of the potential locations.

16. The method of claim 14, further comprising displaying the at least one identified

position.

17. The method of claim 14, wherein the representative data corresponding to a location

signal comprises a frequency domain representation of the location signal.

18. The method of claim 14, wherein the representative data corresponding to a location

signal comprises samples of the location signal.

19. The method of claim 14, further comprising identifying at least one potential location of

a second mobile unit.

20. The method of claim 14, further comprising receiving a second location signal from a

second mobile unit, and wherein each reference unit transmits data representative of the

received location signal and the second location signal as they are received by the respective

reference unit.

2 1. The method of claim 14, wherein collectively processing data representative of the

aligned signals comprises:

creating a matrix R where the columns of the matrix R are frequency domain data of

the aligned signals;



iterating through a set of hypothetical time delays by selecting a hypothetical time

delay at each iteration; and

creating a rephased version of matrix R at each hypothetical position.

22. A method for locating an object, comprising:

estimating time offsets between a mobile unit and a plurality of reference units;

aligning transaction-based location signals by removing the time offsets; and

collectively processing data representative of unaligned location signals and the

aligned location signals to identify at least one of the potential locations as a likely mobile

unit location, wherein collectively processing data comprises:

calculating a first metric at the plurality of potential locations based on the

aligned signals;

calculating a second metric at the plurality of positional locations based on

unaligned signals; and

calculating a posterior probability distribution at the plurality of potential

locations based at least the first metric and the second metric.
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