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METHOD AND APPARATUS FOR 
POSITIONING WITH WIRELESS SIGNALS 

FIELD 

[ 0001 ] Apparatuses and methods consistent with the pres 
ent disclosure relate generally to positioning , and more 
particularly , to methods , systems , and devices for determin 
ing a position of a device using signals available in the local 
environment . 

among the 

BACKGROUND 

[ 0002 ] Satellite positioning is ubiquitous in modern soci 
ety . However , there are many cases that a satellite position 
ing system does not work because satellite signal reception 
is weak or unavailable , for example , indoors or under 
ground . 
[ 0003 ] In such cases , a positioning system that can utilize 
other types of signals may be used . For example , wireless 
signals transmitted from a cellular base station may be used 
for positioning . Such signals are not necessarily intended for 
providing a positioning function , and thus , may be called 
“ signals of opportunity ” ( “ SoOp ” ) . An unknown location of 
a receiver may be estimated by determining a distance 
between the receiver and a transmitter that transmits the 
signals of opportunity . However , an accurate location of the 
transmitter and the timing of transmission may not be 
available , causing difficulty in utilizing the signals of oppor 
tunity in positioning systems . 

SUMMARY 

[ 0004 ] According to some embodiments of the present 
disclosure , there is provided a method for determining 
positions of one or more target receivers , wherein the one or 
more target receivers and one or more reference receivers 
are configured to receive a plurality of signals transmitted at 
unknown times from a plurality of sources that are located 
at unknown positions and not synchronized with each other . 
The method comprises : obtaining times of arrival of the 
plurality of signals at the one or more target receivers at 
which each of the one or more target receivers receives at 
least a portion of a signal transmitted from each of the 
plurality of sources ; obtaining , from the one or more refer 
ence receivers , a plurality of times of arrival of the plurality 
of signals associated with when the one or more reference 
receivers receive a corresponding portion of the plurality of 
signals as measured according to local clocks of the one or 
more reference receivers , wherein the one or more reference 
receivers are located at a plurality of known reference 
positions and not synchronized with each other or with the 
plurality of sources ; and determining the positions of the one 
or more target receivers by computing , based on the plurality 
of times of arrival of the plurality of signals at the respective 
one or more reference receivers , the plurality of reference 
positions , and the times of arrival of the plurality of signals 
at the one or more target receivers . The one or more 
reference receivers and the one or more target receivers may 
be the same type of devices . 
[ 0005 ] In the method , determining the positions of the one 
or more target receivers may further include : constructing a 
plurality of equations in which the plurality of times of 
arrival of the plurality of signals at the respective one or 
more reference receivers , the plurality of reference posi 
tions , the times of arrival of the plurality of signals at the one 

or more target receivers are known variables ; and determin 
ing the positions of the one or more target receivers by 
solving the plurality of equations . 
[ 0006 ] In the method , determining the positions of the one 
or more target receivers may further include : constructing a 
first set of equations in which times of arrival of the plurality 
of signals at a first group of reference receivers 
one or more reference receivers and reference positions of 
the first group of reference receivers are known variables ; 
determining directions from which the plurality of signals 
are incident by solving the first set of equations , constructing 
a second set of equations in which the time of arrival of the 
plurality of signals at the one or more target receivers , the 
directions of the plurality of signals , and times of arrival of 
the plurality of signals at a second group of reference 
receivers among the one or more reference receivers are 
known variables ; and determining the positions of the one or 
more target receivers by solving the second set of equations . 
[ 0007 ] In the method , the first group of reference receivers 
may be different from the second group of reference receiv 
ers . The method may further include : inputting the deter 
mined positions of the one or more target receivers as 
additional reference positions so that the one or more target 
receivers can be used as reference receivers in another 
determination . 
[ 0008 ] In the method , determining the positions of the one 
or more target receivers may further include : sending the 
times of arrival of the plurality of signals at the one or more 
target receivers , the plurality of times of arrival of the 
plurality of signals at the respective one or more reference 
receivers , and the plurality of reference positions to a 
positioning engine ; and receiving position information of the 
one or more target receivers determined by the positioning 
engine . 
[ 0009 ] In the method , determining the positions of the one 
or more target receivers may further include : performing , by 
at least one of the one or more reference receivers and at 
least one of the one or more target receivers , a portion of the 
computing ; and communicating computation results 
between the one or more reference receivers and the one or 
more target receivers to determine the positions of the one 
or more target receivers . In the method , the plurality of 
equations may be constructed based on signals repeatedly 
transmitted from a transmitter at different points of time . 
[ 0010 ] The method may further include : approximating 
signal propagation wavefronts in neighborhoods of the one 
or more target receivers and the one or more reference 
receivers using a curve or a straight line , wherein an 
orientation of the curve or the straight line is related to 
directions of the plurality of signals from the plurality of 
sources , and wherein a curvature of the curve is used in 
determining the position of the receiver . 
[ 0011 ] In the method , the plurality of sources may include 
one or more transmitters of one or more wireless networks . 
The plurality of sources may include one or more virtual 
sources arising from objects that reflect the plurality of 
signals transmitted from the plurality of sources . The plu 
rality of sources may include one or more virtual sources 
arising from objects that scatter the plurality of signals 
transmitted from the plurality of sources . 
[ 0012 ] In the method , the plurality of signals received by 
the one or more reference receivers may be downlink signals 
transmitted from the plurality of sources . The plurality of 
signals received by the one or more reference receivers may 
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further include at least one uplink signal transmitted from 
the one or more target receivers or the one or more reference 
receivers . The plurality of sources may be not synchronized 
with each other , when : relative times of the plurality of 
sources are not known ; or relative times of the plurality of 
sources are known with a magnitude of an accuracy error 
greater than 3.3 nanosecond . 
[ 0013 ] There is also provided a device configured to 
determine its position or a position of other devices . The 
device includes : a receiver configured to : receive a plurality 
of signals transmitted at unknown times from a plurality of 
sources that are located at unknown positions and not 
synchronized with each other ; and obtain a time of arrival of 
the plurality of signals at the receiver at which the receiver 
receives at least a portion of the plurality of signals ; a 
processor configured to : determine the position of the device 
by performing a computation based on the time of arrival of 
the plurality of signals at the receiver , a plurality of times of 
arrival of the plurality of signals at one or more reference 
receivers , and a plurality of reference positions of the one or 
more reference receivers , wherein the plurality of times of 
arrival of the plurality of signals at the one or more reference 
receivers are times at which the one or more reference 
receivers receive a corresponding portion of the plurality of 
signals as measured according to local clocks of the one or 
more reference receivers , and the one or more reference 
receivers are located at known positions and not synchro 
nized with each other . 
[ 0014 ] The device may further include a second receiver 
configured to receive a second signal from a satellite system . 
The device may be configured to be used as a reference 
receiver in a positioning system when : the second signal 
received from the satellite system determines the position of 
the device ; or the position of the device is determined by the 
computation . The receiver may be a portion of a transceiver 
modem configured to transmit the time of arrival of the 
plurality of signals at the receiver to an external device . 
[ 0015 ] There is further provided an apparatus configured 
to determine one or more unknown positions of one or more 
target devices . The apparatus includes : at least one first 
communication interface configured to : receive , from the 
one or more target devices , one or more times of arrival of 
a plurality of signals associated with when the one or more 
target devices receive a corresponding portion of the plu 
rality of signals transmitted at unknown times from a 
plurality of sources that are located at unknown positions 
and not synchronized with each other ; and receive , from one 
or more reference devices , one or more reference positions 
of the one or more reference devices and times of arrival of 
the plurality of signals associated with when the one or more 
reference devices receive a corresponding portion of the 
plurality of signals as measured according to local clocks of 
the plurality of reference devices , wherein the one or more 
reference devices are not synchronized with each other or 
with the plurality of sources ; and at least one processor 
configured to : determine the one or more unknown positions 
of the one or more target devices by performing a compu 
tation based on the times of arrival of the plurality of signals 
at the respective one or more reference devices , the one or 
more reference positions , and the times of arrival of the 
plurality of signals at the one or more target devices ; and at 
least one second communication interface configured to : 
transmit information regarding the determined one or more 
positions of the one or more target devices . 

[ 0016 ] The apparatus may further include a storage con 
figured to store positioning information including directions 
of the plurality of signals incident to the one or more target 
devices and the one or more reference devices , wherein the 
apparatus may be configured to share the positioning infor 
mation with an external device . 
[ 0017 ] There is further provided a non - transitory com 
puter - readable medium having stored therein instructions 
that , when executed by a processor , perform a method for 
determining positions of one or more target receivers , 
wherein the one or more target receivers and one or more 
reference receivers are configured to receive a plurality of 
signals transmitted at unknown times from a plurality of 
sources that are located at unknown positions and not 
synchronized with each other . The method may include : 
obtaining times of arrival of the plurality of signals at the 
one or more target receivers at which each of the one or more 
target receivers receives at least a portion of a signal 
transmitted from each of the plurality of sources ; obtaining , 
from the one or more reference receivers , a plurality of times 
of arrival of the plurality of signals associated with when the 
one or more reference receivers receive a corresponding 
portion of the plurality of signals as measured according to 
local clocks of the one or more reference receivers , wherein 
the one or more reference receivers are located at a plurality 
of known reference positions and not synchronized with 
each other or with the plurality of sources ; and determining 
the positions of the one or more target receivers by com 
puting , based on the plurality of times of arrival of the 
plurality of signals at the respective one or more reference 
receivers , the plurality of reference positions , and the times 
of arrival of the plurality of signals at the one or more target 
receivers . 
[ 0018 ] There is further provided a method for determining 
directions of a plurality of sources with respect to an origin 
of a system of coordinates , wherein the plurality of sources 
is not synchronized with each other , and a plurality of 
signals transmitted at unknown time from the plurality of 
sources are received by one or more target receivers and one 
or more reference receivers . The method may include : 
obtaining times of arrival of the plurality of signals at the 
one or more target receivers at which each of the one or more 
target receivers receives at least a portion of a signal 
transmitted from each of the plurality of sources , wherein 
the one or more target receivers are located at unknown 
positions ; obtaining , from the one or more reference receiv 
ers , a plurality of times of arrival of the plurality of signals 
associated with when the one or more reference receivers 
receives a corresponding portion of the one or more signals 
as measured according to local clocks of the one or more 
reference receivers , wherein the one or more reference 
receivers are located at known reference positions and not 
synchronized with each other or with the plurality of 
sources ; and determining the directions of the plurality of 
sources with respect to an origin of a system of coordinates 
by computing , based on the plurality of times of arrival of 
the plurality of signals at the respective one or more refer 
ence receivers , the plurality of reference positions , and the 
times of arrival of the plurality of signals at the one or more 
target receivers . 
[ 0019 ] Determining the directions of the plurality of 
sources with respect to the origin of the system of coordi 
nates may further include : constructing a plurality of equa 
tions in which the plurality of times of arrival of the plurality 
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[ 0034 ] FIG . 9 is a flow chart illustrating an exemplary 
method of determining a position of a device , consistent 
with some embodiments of the present disclosure . 

DETAILED DESCRIPTION 

of signals at the respective one or more reference receivers , 
the plurality of reference positions , and the times of arrival 
of the plurality of signals at the one or more target receivers 
are known variables ; and determining the directions of the 
one or more sources by solving the plurality of equations . 
[ 0020 ] Determining the directions of the one or more 
sources with respect to the origin of the system of coordi 
nates may further include : determining distances between 
the plurality of sources and the one or more target receivers . 
Determining the distances between the plurality of sources 
and the one or more target receivers may include : approxi 
mating signal propagation wavefronts in neighborhoods of 
the one or more target receivers and the one or more 
reference receivers using a curve or a straight line ; and 
determining curvatures of approximated signal propagation 
wavefronts . 

BRIEF DESCRIPTION OF FIGURES 

[ 0021 ] FIG . 1 is a schematic diagram illustrating an exem plary positioning system for determining a position of a 
receiver , consistent with some embodiments of the present 
disclosure . 
[ 0022 ] FIG . 2A is a schematic diagram illustrating an 
exemplary method of performing a 1 - step computation to 
determine a position of a target receiver , consistent with 
some embodiments of the present disclosure . 
[ 0023 ] FIG . 2B is a schematic diagram illustrating an 
exemplary method of performing a 2 - step computation to 
determine a position of a target receiver , consistent with 
some embodiments of the present dis osure . 
[ 0024 ] FIG . 3A is a schematic diagram illustrating a 
distributed computation scheme of a positioning system , 
consistent with some embodiments of the present disclosure . 
[ 0025 ] FIG . 3B is a schematic diagram illustrating a 
central computation scheme of a positioning system , con 
sistent with some embodiments of the present disclosure . 
[ 0026 ] FIG . 4A is a schematic diagram illustrating direc 
tions of signal sources with respect to an origin of a 
coordinate system in a positioning system , consistent with 
some embodiments of the present disclosure . 
[ 0027 ] FIG . 4B is a schematic diagram illustrating signal 
wavefront approximations in a positioning system , consis 
tent with some embodiments of the present disclosure . 
[ 0028 ] FIG . 4C is a schematic diagram illustrating errors 
of the signal wavefront approximations , consistent with 
some embodiments of the present disclosure . 
[ 0029 ] FIG . 5A is a schematic diagram illustrating a 
convex hull of sources and a convex hull of reference 
receivers in a positioning system , consistent with some 
embodiments of the present disclosure . 
[ 0030 ] FIG . 5B is a schematic diagram illustrating geo 
metrical dilution of precision as a function of space dimen 
sion , consistent with some embodiments of the present 
disclosure . 
[ 0031 ] FIG . 6 is a schematic diagram illustrating a posi 
tioning system including an apparent signal source , consis 
tent with some embodiments of the present disclosure . 
[ 0032 ] FIG . 7 is a schematic diagram illustrating a posi 
tioning system that utilizes uplink and downlink signals , 
consistent with some embodiments of the present disclosure . 
[ 0033 ] FIG . 8 is a block diagram of a device configured to 
determine its position or a position of other devices , con 
sistent with some embodiments of the present disclosure . 

[ 0035 ] Reference will now be made in detail to exemplary 
embodiments , examples of which are illustrated in the 
accompanying drawings . The following description refers to 
the accompanying drawings in which the same numbers in 
different drawings represent the same or similar elements 
unless otherwise represented . The implementations set forth 
in the following description of exemplary embodiments do 
not represent all implementations consistent with the present 
disclosure . Instead , they are merely examples of systems , 
apparatuses , and methods consistent with aspects related to 
the present disclosure as recited in the appended claims . 
[ 0036 ] In a positioning system , to use signals of opportu 
nity that are transmitted at unknown time from a transmitter 
disposed at an unknown location , a transmission time and 
the location of the transmitter may be estimated using 
multiple reference receivers that receive the signals . The 
estimation of the transmission time and the location of the 
transmitter usually requires that the multiple reference 
receivers be synchronized to an accuracy of nanosecond 
order . However , such a strict synchronization requirement 
for the reference receivers is difficult and costly , thus lim 
iting practical application of signals of opportunity in posi 
tioning systems . 
[ 0037 ] For example , to meet the strict synchronization 
requirement , methods using Global Navigation Satellite 
Systems ( GNSSs ) , atomic clocks , message exchange proto 
cols , or pulse coupling can be used . These methods , how 
ever , require dedicated hardware and / or utilization of valu 
able bandwidth and energy , leading to an increase of cost , 
power consumption , size , and weight of receivers . Also , use 
of these methods is also subject to some limitations . As a 
first example , since GNSS signals are transmitted from 
satellites with spread - spectrum techniques , their power level 
may be low on the ground , and thus , reception of GNSS 
signals is either challenging or impossible indoors as well as 
in some other harsh propagation environments . For the same 
reason , GNSS signals are also vulnerable to any interference 
power in the surroundings of the receivers . As a second 
example , message exchange protocols or packet coupling 
methods constantly pass timestamps between the receivers . 
Because of the intensity of these exchanges , efficient use of 
the channel capacity and energy should be made and 
depends on the ability to avoid message collisions . The 
alternative is using a protocol built around random access of 
a channel that is known to be inefficient . As a third example , 
pulse coupling methods require receivers to operate also as 
secondary sources , which broadcast a periodic signal spe 
cific for synchronization . These pulses should reach other 
receivers with negligible or known propagation delays 
( which may be achieved in a controlled environment when 
distances between sources and consequent propagation 
delays are known ) and avoid any mutual interference in the 
channel . These requirements are difficult to satisfy , espe 
cially in adverse propagation environments and with scarce 
power or bandwidth availability . 
[ 0038 ] Embodiments of the present disclosure provide 
methods , devices , and systems for determining an unknown 
position of one or more target receivers , wherein the one or 
more target receivers and a plurality of reference receivers 



US 2020/0371193 A1 Nov. 26 , 2020 
4 

are configured to receive a plurality of signals transmitted at 
unknown time from a plurality of sources that are located at 
unknown positions and not synchronized with each other . In 
the method , the one or more target receivers obtain times of 
arrival of the plurality of signals at the one or more target 
receivers at which each of the one or more target receivers 
receives at least a portion of the plurality of signals ; the 
plurality of reference receivers obtain a plurality of times of 
arrival of the plurality of signals associated with when the 
plurality of reference receivers receive a corresponding 
portion of the plurality of signals as measured according to 
local clocks of the plurality of reference receivers , wherein 
the plurality of reference receivers are located at a plurality 
of known reference positions and not synchronized with 
each other or with the plurality of sources , and the unknown 
position of the target receiver is determined by computation , 
based on the plurality of times of arrival of the plurality of 
signals at the respective plurality of reference receivers , the 
plurality of reference positions , and the times of arrival of 
the plurality of signals at the one or more target receivers . 
[ 0039 ] Embodiments disclosed in the present disclosure 
have one or more technical effects . In some embodiments , 
the methods , devices , and systems may determine an 
unknown position of a target receiver by utilizing signals 
transmitted at unknown times from multiple sources that are 
located at unknown positions and not synchronized with 
each other . This allows for determination of an unknown 
position of the target receiver freely worldwide , without 
depending on an operator of the multiple sources . In some 
embodiments , the ods , devices , and systems may 
jointly solve for all the unknown parameters in the position 
ing system ( e.g. , the transmission times and the locations of 
the multiple sources , the time offsets , the unknown position 
of the target receiver , etc. ) using a set of equations , without 
requiring any additional hardware . This allows for efficient 
and flexible utilization of unsynchronized signals and unsyn 
chronized reference receivers , leading to enhanced cost 
effectiveness , versatility , practicability , and portability . In 
some embodiments , in addition to , or as an alternative to the 
signals from the multiple sources , the methods , devices , and 
systems may further utilize signals arising from reflection or 
scattering by apparent signal sources . By utilizing the appar 
ent sources , the positioning can be performed anywhere , 
even under difficult propagation conditions ( e.g. , indoors ) , 
as the receivers may capture reflected or scattered signals for 
the positioning . In some embodiments , in solving the set of 
equations , the methods , devices , and systems may discrimi 
nate between different degrees of angular diversity of the 
signals that correspond to at least one of : a planar wavefront 
approximation , a fixed - curvature wavefront approximation , 
or a wavefront curve evaluated from an estimation of a 
source point in space . By estimating incident directions of 
the signals and choosing a proper local approximation of the 
wavefronts , the need to determine the distances from the 
signal sources or actual locations of the signal sources may 
be eliminated , and thus , reducing the number of unknowns 
( thus reducing the number of measurements needed ) and the 
consequent space of solutions , leading to an enhanced 
coverage area for positioning and reduced costs , power 
consumption and traffic communicating the measurements 
of the positions of the target receivers . In some embodi 
ments , in addition to downlink signals , the methods , devices , 
and systems may also utilize uplink signals in the position 
ing system . This allows for enriched geospatial topology of 

the signal sources and the content of ranging information of 
the signals of opportunity used by the positioning system , 
leading to enhanced accuracy of the estimation of the target 
receiver positions . 
[ 0040 ] FIG . 1 is a schematic diagram illustrating an exem 
plary positioning system , consistent with some embodi 
ments of the present disclosure . Referring to FIG . 1 , an 
exemplary positioning system 100 comprises multiple signal 
sources ( sources 102 , 104 , 106 , 108 , 110 , 112 , and 114 ) , 
multiple reference receivers ( references 116 , 118 , and 120 ) , 
and multiple target receivers ( targets 122 and 124 ) . Among 
the multiple signal sources , sources 102-110 may be signal 
transmitters that generate and transmit wireless signals . 
Sources 112 and 114 may be apparent ( virtual ) sources 
arising from objects that reflect or scatter the wireless 
signals transmitted from sources 102-110 , as discussed with 
regard to FIG . 6. Sources 112 and 114 may be positioned in 
fixed locations or movable during the signal positioning 
process . In some embodiments , the signal transmitters may 
be cellular base stations and the signals may be wireless 
cellular signals . However , the signals are not so limited , and 
any electromagnetic wave transmitted from any sources can 
be used in the positioning system . 
[ 0041 ] In some embodiments , the multiple signal sources 
may be disposed at positions that are unknown to the 
multiple reference receivers and the multiple target receiv 
ers . In some embodiments , the multiple signal sources may 
not actively or knowingly participate to the positioning 
system , and the times at which the signals are transmitted 
from the multiple signal sources ( “ transmission time ” ) may 
be unknown to the multiple reference receivers and the 
multiple target receivers . In some embodiments , the multiple 
signal sources may belong to different networks and thus 
may be unaware of one each other . 
[ 0042 ] In some embodiments , the multiple signal sources 
may not be synchronized with each other and their relative 
timing is not known with a sufficient accuracy . In an 
embodiment , sources 102-110 may be completely unsyn 
chronized from each other and their relative timing is 
completely unknown . In another embodiment , there may be 
some knowledge about the relative timing of sources 102 
110 but this may be insufficient or inaccurate to provide the 
performance needed for positioning purposes . In one 
embodiment , a magnitude of an accuracy error of synchro 
nization of the signal sources may be 3.3 nanosecond ( ns ) or 
less . In another embodiment , the magnitude of the accuracy 
error of synchronization of the signal sources may be 1 
nanosecond ( ns ) or less . In some embodiments , the multiple 
signal sources may have the same or similar clock frequency 
over the lifetime of a positioning operation . 
[ 0043 ] In some embodiments , the multiple target receivers 
( targets 122 and 124 ) may be disposed at unknown positions 
and their positions are to be estimated by positioning system 
100. FIG . 1 shows two target receivers , but the number of 
the target receivers is not so limited , and any number of the 
target receivers can be localized in a positioning process . 
Each of the target receivers may be configured to receive at 
least a portion of signals from the multiple signal sources . In 
some embodiment , at least one of the multiple target receiv 
ers may be a portion of a transceiver modem that includes a 
signal transmitter . 
[ 0044 ] In some embodiments , the multiple reference 
receivers ( references 116 , 118 , and 120 ) may be disposed at 
multiple known positions and configured to receive the 
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along with the location information of the reference receiv 
ers for a computation by the computing system . Similarly , 
the target receivers may also send the times of arrival of the 
signals at the target receivers to the computing system for 
the computation . The times of arrival of the signals at the 
reference receivers , the location information of the reference 
receivers , and the times of arrival of the signals at the target 
receivers are then used in location and timing equations . The 
unknown positions of the target receivers can be determined 
by solving the equations . In an embodiment , the computa 
tion may be performed by the computing system . In another 
embodiment , the computational burden is distributed among 
the reference receivers and target receivers . 
[ 0049 ] In some embodiments , the positioning system may 
take as inputs the reference receiver locations ( Pm ) , the times 
of arrival of the signals at reference receivers ( Tim ) , and the 
times of arrival of the signals at the target receivers ( Tin ) , 
and return as outputs the positions of the target receivers 
( Pn ) , which are hidden variables inferred through the 
unknown locations of the signal sources ( P ; ) . In some 
embodiments , in addition to the signal source locations , the 
time offsets of the reference receivers and the time offsets of 
the target receivers ( Om and On ) may also be inferred in the 
positioning process . For example , for Ns signal sources , NR 
reference receivers , and N , target receivers at a certain time 
instant identified by the variable t , the positions of the target 
receivers may be determined by : 

cT " i , m ( t ) = cT ; ( t ) + c8 ; ( t ) + | Pm ( t ) -p : ( 0 ) || + c8m ( t ) ( Equation 1 ) 

signals from the multiple signal sources . FIG . 1 shows three 
reference receivers , but the number of the reference receiv 
ers is not so limited , and any number of the reference 
receivers can be used in a positioning process . In an embodi 
ment , there are at least three reference receivers . In an 
embodiment , the multiple reference receivers may be dis 
posed at fixed positions . In another embodiment , the mul 
tiple reference receivers may be in motion , but their moving 
paths may be tracked such that their positions are known 
during a positioning process . The multiple reference receiv 
ers may be disposed randomly or as an array . In some 
embodiments , at least one of the multiple reference receivers 
may be a portion of a transceiver modem that includes a 
signal transmitter . In an embodiment , the multiple reference 
receivers and the multiple target receivers may be the same 
type of devices . In another embodiment , the multiple refer 
ence receivers and the multiple target receivers may be 
different types of devices . In some embodiments , a reference 
receiver and a target receiver may be the same physical 
device . For example , a single device may at one time play 
the role of a reference receiver by collecting measurements 
at known locations , and then at another time ( normally but 
not necessarily later ) , play the role of a target receiver , being 
at an unknown location . 
[ 0045 ] In some embodiments , the multiple reference 
receivers may not be synchronized with each other and their 
relative timing is not known with sufficient accuracy . In one 
embodiment , references 116 , 118 , and 120 may be com 
pletely unsynchronized from each other and their relative 
timing is completely unknown . In another embodiment , 
there may be some knowledge about the relative timing of 
references 116 , 118 , and 120 , but this may be insufficient or 
inaccurate to provide the performance needed for position 
ing purposes . In an embodiment , a magnitude of an accuracy 
error of synchronization of the multiple reference receivers 
may be 1 nanosecond ( ns ) or less . In some embodiments , the 
multiple reference receivers may have the same or similar 
clock frequencies over the lifetime of a positioning process . 
[ 0046 ] In some embodiments , the positions and the trans 
mission times of the multiple signal sources are unknown to 
the multiple reference receivers and thus , the signals from 
the multiple signal sources are arbitrary signals of opportu 
nity transmitted at unknown times from unknown locations . 
The interactions between the multiple signal sources and the 
multiple reference receivers may be passive , for example , 
there may be no active exchange of ranging information 
between them . 
[ 0047 ] Upon receipt of the signals from the multiple signal 
sources , the multiple reference receivers and the multiple 
target receivers obtain the times of arrival of the signals at 
the receivers . In some embodiments , upon reception of the 
signals , the multiple reference receivers and the multiple 
target receivers may obtain time information that may come 
in various forms , such as a time - stamped waveform , a 
channel impulse response following correlation against an 
expected signal , a set of measured path arrival times with 
their signal levels , or a time of arrival estimate . The time 
information may be further processed to extract an arrival 
time of a signal . In the case that the signals arrive through 
a multipath , the time information is further processed to 
extract a set of possible arrival times of a signal . 
[ 0048 ] In some embodiments , reference receivers may 
send the times of arrival of the signals at the reference 
receivers to a computing system ( e.g. , a positioning engine ) 

cT " i , n ( t ) = cT ; ( t ) + c8 ; ( t ) + || Pn ( t ) -Pi ( 0 ) || + con ( t ) ( Equation 2 ) 

where i = 1 , ... , Ns , m = 1 , ... , NR , and n = 1 , ... , N7 , 0 ; ( t ) 
denotes time offsets of the sources , T denotes signal trans 
mission or times of arrival of the signals in a common time 
scale , and T ' denotes signal transmission or times of arrival 
of the signals affected by the time offsets , for example , as 
measured by a local clock in a device . The second set of 
equations may be constructed and solved such that every 
target position may be determined separately from the other 
receivers . These variables may be scalar variables or vector 
functions of deterministic ( e.g. , geometric ) and random 
variables . 
[ 0050 ] In some embodiments , the time offsets ( e.g. , Om and 
dn ) may be cancelled upfront by differencing equations from 
the sets of observables . The time offsets related to the same 
signal transmission may be cancelled by subtracting observ 
ables of each signal source across different receivers . Simi 
larly , time offsets related to the same reference receiver may 
be cancelled by subtracting observables of multiple sources 
at each receiver . While it may not be necessary to know the 
absolute values of the time offsets , their relative values can 
be estimated to converge to a common and virtual time 
reference . Since the time scale followed by the source ( T. ) 
is likely to be unknown , it may be incorporated with the 
respective offset : 

T " :( t ) = T ; ( t ) + d ; ( t ) ( Equation 3 ) 

Thus , a set of N ( Ng + Nz ) equations are formulated as : 
cT " , m ( t ) = cT " :( t ) + || Pm ( D ) -p : ( 0 ) | l + com ( 1 ) ( Equation 4 ) 

cT ' , ( t ) = cT , ( t ) + | pg ( t ) -p ; ( t ) || + cô , ( t ) ( Equation 5 ) 

In some embodiments , at least two sources may be used in 
the positioning system . In some embodiments , solving the 
set of N ( NR + N7 ) equations defined by Equation 4 and 
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Equation 5 may need estimation of the directions and the 
ranges of the locations of the signal sources . These locations 
may be inferred from the reference receivers and the target 
receivers only through the signals observed , hence their 
distances and angles respectively correspond to the curva 
tures and the angles of the incident spherical waves that 
arrive with different time offsets at different receiver loca 
tions . Such an estimation problem may then be conceived as 
fitting wavefronts to the observations of signals received . In 
some embodiments , absolute times of the reference receiv 
ers and the target receivers may also be included as unknown 
terms in the equations . These unknown terms may be 
estimated by solving the equations or may be removed by 
manipulation of the equations . The absolute times of the 
reference receivers and the target receivers may be obtained 
from local clocks included in the reference receivers or the 
target receivers . 
[ 0051 ] In one embodiment , a set of times of arrival of the 
signals at a reference receiver may be accumulated from 
repetitive signal transmissions from a signal source . In this 
embodiment , the reference receiver may obtain knowledge 
of a period of the repetitive signal transmissions , without 
any interaction with the signal source . For example , the 
reference receiver may obtain the knowledge from the signal 
sources used in the previous positioning of neighboring 
areas and stored in the system . The set of times of arrival of 
the signals obtained from the repetitive signal transmissions 
may be used to formulate a set of equations and a number of 
unknowns may be estimated by solving the equations . 
[ 0052 ] The estimation problem underlying the positioning 
system may be nonlinear and non - convex such that a cost 
function defined as a difference between the observables and 
the formulation of the time - based characteristics of the 
propagation channel need to be minimized . In some embodi 
ments , the solutions may be calculated by means of deter 
ministic , statistical , and heuristic methods for global opti 
mization . For example , Bayesian statistics may be used 
leveraging a - priori hypotheses about the local signal wave 
front curvatures . Also , the problem may be simplified 
through convex relaxation in order to resort to low - com 
plexity solvers or algebraic solutions . 
[ 0053 ] By jointly solving for all the unknowns in the 
positioning system ( e.g. , the transmission times and the 
locations of the sources , the time offsets , the unknown 
positions of the target receivers , etc. ) using a set of equa 
tions , without utilizing special hardware , the positioning 
method allows for unrestrained utilization of unsynchro 
nized signals and unsynchronized reference receivers , lead 
ing to enhanced cost effectiveness , versatility , practicability , 
and portability . Further , the positioning method can be 
performed even on low - power and inexpensive hardware or 
implemented within devices of opportunity ( e.g. , cellular 
modems or wireless access points ) , leading to enhanced 
connectivity . Moreover , since sources of signals of oppor 
tunity are prevalently terrestrial transmitters lying nearby 
and usually operated for communication purposes , their 
coverage could penetrate through outdoor and indoor envi 
ronments , leading to increased area of positioning . 
[ 0054 ] FIG . 2A is a schematic diagram illustrating an 
exemplary method of performing a 1 - step computation , 
consistent with some embodiments of the present disclosure . 
Referring to FIG . 2A , a positioning system may receive as 
inputs reference positions of multiple reference receivers pm , 
times of arrival of the signals at the reference receivers T ' ;, 

and times of arrival of the signals at multiple target receivers 
T'in , and perform a 1 - step estimation 210. The positions Pi 
and the time offsets of the signal sources may be estimated 
together with time offsets of the reference receivers Om and 
the positions Pn and time offsets On of the target receivers . 
The positioning system may return as outputs the estimated 
positions of the target receivers Pn . In some embodiments , 
absolute times of the reference receivers and the target 
receivers may also be included as unknown terms in the 
equations . These unknown terms may be estimated by 
solving the equations or may be removed by manipulation of 
the equations . In an embodiment , instead of estimating 
positions of sources Pi , directions of the sources with respect 
to an origin of a coordinate system in the positioning system 
are estimated , as shown in FIG . 4A , as more fully described 
below . Estimating directions of sources , without estimating 
ranges or locations of the sources , allows for reduced 
number of measurements for the positioning , leading to 
enhanced coverage area of positioning , and reduced costs 
and power consumption . 
[ 0055 ] FIG . 2B is a schematic diagram illustrating an 
exemplary method of performing a 2 - step computation . In 
some embodiments , as shown in FIG . 2B , the estimation 
may be divided as two separate and consecutive estimations , 
i.e. , an estimation 220 and an estimation 230. The estimation 
220 may be an estimation of source localization and the 
estimation 230 may be an estimation of the target position 
ing . During estimation 220 , the times of arrival of the signals 
at the reference receivers T ' ; and the reference positions of 
the reference receivers Pm may be used to estimate unknown 
parameters related to the sources , for example , transmission 
times of the sources T ; and locations of the sources Pi . The 
estimated unknown parameters related to the sources ( T ' ; and 
P :) are then used for estimation 230 for estimating the 
positions of the target receivers . 
[ 0056 ] In an embodiment , a second set of times of arrival 
of the signals at the reference receivers may be used in 
estimation 230. The second set of times of arrival of the 
signals at the reference receivers may be the same as or 
different from the times of arrival of the signals at the 
reference receivers used in estimation 220. In some embodi 
ments , the time offsets of the reference receivers Om may also 
be used in estimation 230. The estimated positions of the 
target receivers may be fed back to estimation 220 for 
iterative reuse . 
[ 0057 ] In some embodiments , the estimated time offsets , 
the signal source locations , and the information of the 
signals ( e.g. , frequency ) may be stored and reused , for 
example , in positioning in neighboring areas or for other 
purposes by other systems . In some embodiments , once a 
position of a target receiver is estimated , the target receiver 
may be used as a new reference receiver and the position 
estimate may be fed back in input as a reference , together 
with its estimation confidence . In some embodiments , abso 
lute times of the reference receivers and the target receivers 
may also be included as unknown terms in the equations . 
These unknown terms may be estimated by solving the 
equations or may be removed by manipulation of the equa 
tions . 
[ 0058 ] In this way , the positioning system may determine 
the positions of the multiple target receivers by utilizing 
signals of opportunity transmitted from unknown signal 
sources at unknown time , without requiring synchronization 
of the signal sources or synchronization of the reference i , m : 
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receivers , leading to enhanced efficiency and reduced cost in 
utilizing signals of opportunity in positioning . 
[ 0059 ] FIG . 3A is a schematic diagram illustrating a 
distributed computation scheme of a positioning system , 
consistent with some embodiments of the present disclosure . 
Referring to FIG . 3A , a positioning system 310 may com 
prise multiple signal sources ( sources 312 , 314 , and 316 ) , 
multiple reference receivers ( e.g. , at least three ) , and mul 
tiple target receivers . For the sake of simplicity , FIG . 3A 
omits some receivers and only shows three ( receivers 318 , 
320 , and 322 ) . However , the numbers of signal sources , 
target receivers , and reference receivers may not be so 
limited . may be more beneficial in localizing more than 
one target receiver , as multiple target receivers may generate 
more equations than they do unknowns , thereby improving 
efficiency of the determination . In some embodiments , one 
or more receivers may be part of one or more transceiver 
modems that include one or more transmitters . In some 
embodiments , the signal sources transmit wireless signals to 
the receivers , and the receivers may obtain a plurality of 
times of arrival of the signals . A set of equations may be 
formulated using the plurality of times of arrival of the 
signals and the reference positions of the reference receivers 
and the time of arrival of the signals at the target receiver . In 
this scheme , the burden of solving the set of equations may 
be shared by the reference receivers and the target receiver , 
and each of the receivers communicates with other receivers 
to share the measured parameters and estimated parameters , 
as shown by the dotted arrows in FIG . 3A . For example , 
receiver 318 is in communication with receiver 320 and 
receiver 322 to jointly perform the computation . 
[ 0060 ] FIG . 3B is a schematic diagram illustrating a 
central computation scheme of a positioning system , con 
sistent with some embodiments of the present disclosure . 
Referring to FIG . 3B , a positioning system 330 may com 
prise multiple signal sources ( sources 332 , 334 , and 336 ) , 
multiple receivers ( receivers 338 , 340 , and 342 ) , and a 
central unit 344. Receivers 338 , 340 , and 342 may comprise 
one target receiver whose position is to be determined and 
two reference receivers disposed at known reference posi 
tions . However , the numbers of signal sources , target receiv 
ers , and reference receivers may not be so limited . It may be 
more beneficial in localizing more than one target receiver , 
as multiple target receivers may generate more equations 
than they do unknowns , thereby improving efficiency of the 
determination . In some embodiments , one or more receivers 
may part of one or more transceiver modems that include 
one or more transmitters . In some embodiments , sources 
332 , 334 , and 336 may transmit wireless signals to the 
receivers , and the receivers may obtain a plurality of times 
of arrival of the wireless signals . The reference receivers 
may transmit the times of arrival of the signals and the 
reference positions to central unit 344. Similarly , the target 
receiver may also transmit the time of arrival of the signals 
at the target receiver to central unit 344. Central unit 344 
may formulate a set of equations using the plurality of times 
of arrival of the signals and the reference positions . Central 
unit 344 may be a local computer , a server computer , a cloud 
computer , or any device that can perform the computation . 
In one embodiment , central unit 344 may be a positioning 
engine running in the target receiver such that the target 
receiver can perform the entire computation . In another 
embodiment , central unit 344 may be a positioning engine 

running in one of the reference receivers such that the 
reference receiver can perform the entire computation . 
[ 0061 ] FIG . 4A is a schematic diagram illustrating direc 
tions of signal sources with respect to an origin of a system 
of coordinates in a positioning system , consistent with some 
embodiments of the present disclosure . In some embodi 
ments , in solving the equations ( e.g. , Equations 1-7 above ) 
to determine a position of a target receiver , the directions of 
the sources may be estimated , rather than the positions of the 
sources and transmission times of the signals . Referring to 
FIG . 4A , a positioning system 400 comprises multiple signal 
sources ( sources 402 , 404 , and 406 ) and multiple reference 
receivers ( references 408 , 410 , and 412 ) . Positioning system 
400 may also comprise multiple target receivers ( not 
shown ) . As shown in FIG . 4A , directions of sources 402 , 
404 , and 406 may be expressed with respect to an origin O 
of x - y coordinate system . For example , a direction of source 
404 may be expressed as an angle between a line 
connecting origin O and source 404 ( OB ) and the x - axis . 
Similarly , a direction of source 402 may be expressed as an 
angle ( 1-06 ) between a line connecting origin O and source 
402 ( OA ) and the x - axis . By solving the equations , the 
directions ( 0 , 0 ) ) of sources 404 and 402 can be deter 
mined . The origin of the system of coordinates may be set 
at a point within the positioning system . In an embodiment , 
the origin of the coordinate system may be set as a center of 
an area formed by references 408 , 410 and 412 connecting 
the reference receivers . In some embodiments , positioning 
system 400 may use spherical coordinate system and express 
the directions of the sources using both polar angles and 
azimuthal angles , to take into account differences in altitude 
of the locations of the sources and receivers . 
[ 0062 ] Referring to FIG . 4B , a positioning system 450 
may comprise multiple signal sources ( sources 402 , 404 , and 
406 ) and multiple reference receivers ( references 408 , 410 , 
and 412 ) . Positioning system 450 may also comprise mul 
tiple target receivers ( not shown ) . As shown in FIG . 4B , 
signals transmitted from source 406 are incident to refer 
ences 408 and 412. Since source 406 is in close proximity 
of references 408 and 412 , a signal wavefront W1 at 
reference 408 and a signal wavefront W2 at reference 412 
may be actual signal wavefronts , without an approximation . 
[ 0063 ] In some embodiments , signals transmitted from 
source 402 are also incident to references 408 and 412 . 
However , source 402 is not located in close proximity of 
references 408 and 412 , and thus , a wavefront W3 of the 
signals from source 402 may be approximated as a curve . A 
curvature of a propagation wavefront ( e.g. , W3 ) is inversely 
proportional to a distance between a source and a receiver 
( e.g. , the distance between source 402 and reference 412 ) . 
For the wavefronts whose curvatures are either approxi 
mated as non - zero values or estimated , both direction of the 
sources and distances between sources and receivers can be 
obtained , identifying a point in space ( expressed either as 
direction and range , or alternatively as latitude and longi 
tude ) . In an embodiment , the range of source 402 may be 
fixed to a value ( as shown with the arrow between reference 
408 and reference 412 ) , and a curvature of wavefront W3 
may be fixed . As such , the approximation may be referred to 
as a fixed - curvature wavefront approximation . 
[ 0064 ] In some embodiments , signals transmitted from 
source 404 are incident to references 410 and 412. Source 
404 is located far away from references 410 and 412 , and 
thus , a wavefront W4 of the signals from source 404 may be 

be 
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example , if using the 2 - step scheme as shown in FIG . 2 , 
estimation of the position of the target receivers may be 
performed with the directions and curvatures of the signal 
wavefronts identified during the source localization . 
[ 0068 ] By estimating directions of the signals sources and 
choosing a local approximation of the wavefronts , the need 
to determine the distances from the signal sources or actual 
locations of the signal sources may be eliminated , and thus , 
reducing the number of unknowns and the consequent space 
of solutions , leading to reduced cost and an efficient and 
accurate determination of the positions of the target receiv 
ers . 

approximated as a plane , or a straight line ( e.g. , W4 ) in two 
dimentional , and the signals may be considered as coming 
from infinitely - distant sources . This approximation may be 
referred to a planar wavefront approximation . 
[ 0065 ] The errors introduced by the fixed - curvature wave 
front approximation and the planar wavefront approxima 
tion may be estimated . Referring to FIG . 4C , a positioning 
system comprises a signal source ( source 422 ) , a reference 
receiver ( reference 424 ) and a target receiver ( target 426 ) . 
The signals transmitted from source 422 are incident to 
reference 424 and target 426 and an actual wavefront of the 
signals is shown as a curve 428 , a fixed - curvature wavefront 
approximation is shown as a curve 430 , and a planar 
wavefront approximation is shown as a line 432. The 
distance between source 422 and reference 424 is much 
greater than the distance between source 422 and target 426 . 
As shown in FIG . 4C , the errors introduced by using 
approximation at target 426 is negligible comparing with the 
errors introduced by using approximation at reference 424 . 
[ 0066 ] In some embodiments , a curvature may be esti 
mated by a priori information . Such a priori information may 
be probabilistic , based on local observations , statistical 
analysis , or on usual design practices in the configuration of 
wireless infrastructure . In some embodiments , a curvature 
may be estimated based on a power level of a received signal 
( a stronger signal is likely originated from a closer source ) . 
These estimations may be used in estimating a most prob 
able direction of incident signals . In some embodiments , a 
probability distribution of the direction of the incident 
signals is estimated . In some embodiments , in approximat 
ing the curvature of a signal wavefront from any source to 
two receivers , a second - order Taylor expansion may be used . 
That is : 

( Equation 6 ) 
llp ; - Pm l = V || P : 112 + || Pm || 2 2pmpi 

l | pi | l2 + || Pm112 

[ 0069 ] FIG . 5A is a schematic diagram illustrating a 
convex hull of signal sources and a convex hull of reference 
receivers in a positioning system , consistent with some 
embodiments of the present disclosure . Referring to FIG . 
5A , a positioning system 500 may comprise multiple signal 
sources ( sources 502 , 504 , 506 , 508 , 510 , 512 , and 514 ) , 
multiple reference receivers ( references 516 , 518 , 520 ) , and 
multiple target receivers ( targets 522 and 524 ) . An area 530 
enclosed by the sources 502 , 504 , 506 , and 508 may form a 
convex hull of the sources , and an area 540 enclosed by 
references 516 , 518 , and 520 may form a convex hull of the 
references . In some embodiments , the coverage of position 
ing system 500 may be identified by the area where the 
position of target receivers can be found with reasonable 
confidence and precision . In an embodiment , the precision 
may be defined as a pure geometric function of the sources 
receivers topology , without considering noise and other 
signal - related features . In this embodiment , the coverage of 
positioning system 500 may be a region of space where a 
geometrical dilution of precision ( GDOP ) of the signals is 
suitable for the target position estimation . 
[ 0070 ] FIG . 5B is a schematic diagram illustrating geo 
metrical dilution of precision as a function of space dimen 
sion , consistent with some embodiments of the present 
disclosure . As shown in FIG . 5B , a geometrical dilution of 
precision 550 of signals is a function of dimension in 
three - dimensional space that includes sources 560 and 562 . 
GDOP 550 tends to be flat and linear inside the convex hull 
of sources 560 and 562 , whereas it significantly increases 
outside of the convex hull of sources 560 and 562 . 
[ 0071 ] Referring back to FIG . 5A , the coverage of posi 
tioning system 500 may enclose the convex hull 530 of 
sources 502-508 , which is a region of space where the 
GDOP of the signals may have lowest values . As a result , 
sources that are relatively distant from all the reference 
receivers and the target receivers may be the most conve 
nient in terms of coverage as they expand the convex hull 
delimited by their locations , with the result of extending the 
positioning of targets well beyond the positions of the 
reference receivers . In an embodiment , the coverage of 
positioning system 500 may be adjusted based on other 
parameters , for example , the power of sources , the propa 
gation phenomena of the channels , and the radiation pattern 
of receivers . 
[ 0072 ] In some embodiments , the directions of the sources 
502-508 may include angular components that locate the 
sources over a line , regardless of their distance from a center 
of the convex hull 540 of the reference receivers . For 
simplicity , the center of the convex hull 540 may be con 
sidered as the origin of the positioning system of coordi 
nates . In some embodiments , the directions of the sources 
may be obtained from the ranging information of the signals 

PAP ( pmp ; ) ? 
11 Pill 2 || p : || 3 || pill + 

where the maximum approximation error may be given by 
the following second - order term : 

( Equation 7 ) ( : | pm 
2 | 1p ; || 2 || p : 

The maximum approximation error is proportional to the 
ratio between receivers ' mutual distances and the range of 
the source , hence to the local flatness of the wavefront . 
Therefore , it may be relatively safe to assume curvatures for 
signals transmitted far away , whose curvatures are locally 
comparable , while it may entail more risk when dealing with 
transmitters nearby , whose curvatures can be very diverse . 
[ 0067 ] In some embodiments , the positioning system may 
adopt one or both approximations for describing signal 
wavefronts , when benefits of the simplification outweigh the 
errors introduced . In some embodiments , for the signals 
whose source locations are estimated only in terms of 
direction , their use for estimating the target receiver posi 
tions may rely on angle estimates , and their wavefronts at 
the target receivers may need to be approximated . For 
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arriving at the receivers . In an embodiment , in a three 
dimensional space , the angular components may be two 
angles between the three axes of the system of coordinates 
and the distance vector that goes from the origin to the 
location point . In a spherical coordinate system , they are 
known as azimuth and elevation . In another embodiment , in 
a two - dimensional space , these two angles may be comple 
mentary and so the directions of the sources may be iden 
tified by one angle only . 
[ 0073 ] In some embodiments , the lowest dilution of pre 
cision may be inside the convex hull 540 of the reference 
receivers . Within this area the sources lie between the 
receivers and signals are received from opposite angles . As 
the sources get further from the convex hull 540 , the angles 
tend to converge into one and the curvature of the signal 
wavefront may become less evident at the receivers . There 
fore , for relatively distant sources , the confidence regions of 
their location estimates have the shape of ellipsoids that 
stretch mainly in the radial direction . 
[ 0074 ] In some embodiments , to cope with topologies 
where sources may be much more spread in space than the 
receivers , positioning system 500 may rely on the estimation 
of directions of the sources , while distance estimates are 
used only if precise enough . In some embodiment , the 
positioning system may discriminate between three different 
degrees of angular diversity of the signals that correspond to 
three different models of the local curvature of the wave 
fronts in reception : ( 1 ) signals arriving from far enough 
locations may be assumed as infinitely distant , so that the 
locations are uniquely identified by their directions with 
respect to the receivers by applying planar wavefront 
approximation ; ( 2 ) signals transmitted from relatively close 
locations outside the convex hull 540 of the reference 
receivers may have a suitable distance assigned to them by 
assumption , so that their wavefronts are approximated with 
a fixed curvature ; and ( 3 ) signals transmitted from inside the 
convex hull 540 of the reference receivers , or in the prox 
imity of it , are free from assumptions , because the distances 
of their locations may be estimated with precision and 
without approximating their wavefronts . 
[ 0075 ] FIG . 6 is a schematic diagram illustrating a posi 
tioning system including an apparent signal source , consis 
tent with some embodiments of the present disclosure . As 
shown in FIG . 6 , a positioning system comprises a signal 
source 602 that transmits signals which may be received by 
multiple reference receivers ( references 606 and 608 ) . The 
signals may also arrive at the surface of an apparent ( a 
virtual ) source 604. In an embodiment , apparent source 604 
may be any object that reflects the incident signals so that the 
reflected signals are received by references 606 and 608 ( as 
shown by the dotted arrows from apparent source 604 to 
references 606 and 608 ) . In this embodiment , the reflection 
source is synchronized with source 602 with a certain time 
offset . The value of the time offset is unknown and needs to 
be estimated . In another embodiment , apparent source 604 
may be any object that scatters the incident signals so that 
the scattered signals are received by references 606 and 608 
( as shown by the dotted arrows from apparent source 604 to 
references 606 and 608 ) . In this embodiment , the scattering 
source is also synchronized with source 602 with a certain 
time offset . The value of the time offset is unknown and 
needs to be estimated . 
[ 0076 ] In some embodiments , the directions of the appar 
ent signals and distance from which signals seem to arrive 

may not coincide with the physical location of source 602 , 
due to non - line - of - sight and multipath propagations . For 
example , if the direct path in the line - of - sight is blocked , 
reflection phenomena could lead to the localization of ele 
ments of the propagation environment which scatter the 
signals travelling to receivers . If the signal scattering over 
the indirect path is spatially consistent throughout the posi 
tioning area , the element causing it may be regarded as an 
apparent source of signal . As a result , sources of signals of 
opportunity are strictly related to transmitters but they are 
not tied to their actual locations . 
[ 0077 ] By utilizing the apparent sources , the method of 
positioning can be performed freely anywhere , even under 
difficult propagation conditions ( e.g. , indoors ) , as the receiv 
ers may capture reflected or scattered signals for the posi 
tioning . 
[ 0078 ] FIG . 7 is a schematic diagram illustrating a posi 
tioning system that utilizes uplink signals and downlink 
signals , consistent with some embodiments of the present 
disclosure . Referring to FIG . 7 , a positioning system 700 
may include all the signal transmissions from unknown 
signal sources to the receivers , that is , downlink signal 
transmissions , as shown in FIG . 1. For the sake of simplicity , 
the descriptions of the utilization of downlink signals are 
omitted here . Compared with FIG . 1 , positioning system 700 
of FIG . 7 further includes uplink signals , thereby taking 
advantage of two - way transmissions , in which a receiver can 
also play the role of a transmitter . For example , in FIG . 7 , 
reference 120 receives downlink signals from the sources 
104 , 108 , 110 , and 112 , and at the same time , also transmits 
uplink signals which is intercepted by reference 118. This 
two - fold role is possible for devices that actively commu 
nicate with the transmitters for purposes other than posi 
tioning . In some embodiments , positioning using the uplink 
signals may be optional . 
[ 0079 ] Utilizing uplink channels may enrich the geospatial 
topology of the signal sources and the content of ranging 
information of the signals of opportunity used by the posi 
tioning system , thereby enhancing the number , quality , 
coverage , and geometrical dilution of precision of observ 
ables , leading to enhanced accuracy of the estimation of the 
target positions . 
[ 0080 ] FIG . 8 is a block diagram of an exemplary device 
configured to determine its position or positions of other 
devices , consistent with some embodiments of the present 
disclosure . Referring to FIG . 8 , a device 800 may take any 
form , including but not limited to , a laptop , a Global 
Positioning System ( GPS ) , a wireless terminal including a 
mobile phone , a wireless handheld , or wireless personal 
device , or any other forms . Device 800 may include a SoOp 
receiver 810 , an antenna 815 coupled with SoOp receiver 
810 , a GNSS receiver 830 , an antenna 835 coupled with 
GNSS receiver 830 , a processing unit 820 , a memory 840 , 
a clock 825 , and an output device 850. In an embodiment , 
device 800 may not include GNSS receiver 830 and antenna 
835 . 
[ 0081 ] SoOp receiver 810 , coupled with antenna 815 , may 
be configured to receive signals of opportunity . In an 
embodiment , SoOp receiver 810 may be part of a transceiver 
modem which includes a transmitter configured to transmit 
data to an external device . GNSS receiver 830 , coupled with 
antenna 835 , may be configured to receive satellite posi 
tioning signals . In an embodiment , GNSS receiver 830 may 
be part of a transceiver modem which includes a transmitter 
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configured to transmit data to an external device . Local 
clock 825 may be configured to provide a time of a local 
place at which device 800 is disposed . 
[ 0082 ] In some embodiments , when GNSS receiver 830 
receives satellite positioning signals sufficient to identify the 
position of device 800 , device 800 may function as a 
reference receiver in a positioning system , such as refer 
ences 116 , 118 , and 120 of FIG . 1 , to determine an unknown 
position of another device . For example , device 800 may 
identify its position through GNSS receiver 830 , and obtain 
times of arrival of the signals of opportunity through SoOp 
receiver 810. Device 800 may further perform at least a 
portion of computation for determination of the position of 
another device . Alternatively , device 800 may send its 
position and the time of arrival of the signals information to 
an external device for computation at the external device . 
[ 0083 ] In some embodiments , when GNSS receiver 830 
does not receive satellite positioning signals or receives 
satellite positioning signals insufficient to identify the posi 
tion of device 800 , device 800 may function as a target 
receiver in a positioning system , such as targets 122 and 124 
of FIG . 1 , to obtain information for determination of its own 
position . For example , device 800 may obtain times of 
arrival of the signals of opportunity through SoOp receiver 
810. Device 800 may further perform at least a portion of 
computation for determination of its own position using the 
time of arrival of the signals and information ( e.g. , reference 
positions and times of arrival of the signals ) received from 
other reference receivers . Alternatively , device 800 may 
send the time of arrival of the signals data to an external 
device for computation at the external device . The identified 
position information may be used in a positioning system in 
the neighborhood of device 800 in which device 800 may be 
used as a reference receiver . 
[ 0084 ] Processing unit 820 may include one or more 
dedicated processing units , application - specific integrated 
circuits ( ASICs ) , field - programmable gate arrays ( FPGAs ) , 
or various other types of processors or processing units . 
Processing unit 820 may be configured to perform at least a 
portion of computation for a determination of a position of 
device 800 or a position of another device . 
[ 0085 ] Memory 840 may be any type of computer - read 
able storage medium including volatile or non - volatile 
memory devices , or a combination thereof . Memory 840 
may be configured to store information related to identities 
and positions of device 800. Memory 840 may also store 
computer - readable program instructions and mathematical 
models that are used in solving the equations ( e.g. , Equa 
tions 1-7 ) for determination of a position of a device . The 
computer - readable program instructions may cause process 
ing unit 820 or any other processors to carry out the 
computations and necessary operations to determine a posi 
tion of a device . Memory 840 may also store information 
related to signals received by SoOp receiver 810 and GNSS 
receiver 830. Memory 840 may also store local wave 
propagation models for one or more geographic areas . The 
local wave propagation model may comprise , but is not 
limited to , directions of signals of opportunity and wave 
front approximation of the signals . Storing the models in the 
memory may allow them to be reused , such that the models 
do not need to be obtained or calculated each time a position 
fix is required , thus reducing computational burden and 
power consumption in device 800 . 

[ 0086 ] Output device 850 may be used to report position 
information to a user or another device . Output device 850 
may comprise a user interface including a display and an 
input device to transmit a user command to processing unit 
820. The display may be configured to display a status of 
signal reception at device 800 , the data stored at memory 
840 , and a status of computation , etc. The display may 
include , but is not limited to , cathode ray tube ( CRT ) , liquid 
crystal display ( LCD ) , light - emitting diode ( LED ) , gas 
plasma , a touch screen , or other image projection devices for 
displaying information to a user . The input device may be 
any type of computer hardware equipment used to provide 
data and control signals from a user . The input device may 
include , but is not limited to , a keyboard , a mouse , a scanner , 
a digital camera , a joystick , a trackball , cursor direction 
keys , a touchscreen monitor , or audio / video commanders , 
etc. Output device 850 may further comprise a machine 
interface , such as an electrical bus connection or a wireless 
communications link . 
[ 0087 ] FIG . 9 is a flow chart illustrating an exemplary 
method of determining a position of a device , consistent 
with some embodiments of the present disclosure . The 
method may be performed to determine an unknown posi 
tion of a device , such as device 800 of FIG . 8 , which 
functions as a target receiver in a positioning system , such 
system 100 of FIG . 1. Referring to FIG.9 , a method 900 may 
include a step S910 of obtaining time of arrival of the signals 
at a target receiver . For example , device 800 may receive 
signals of opportunity at unknown times from multiple 
signal sources disposed at unknown positions , through SoOp 
receiver 810 and antenna 815. Device 800 may obtain time 
information that may come in various forms , such as a 
time - stamped waveform , a channel impulse response fol 
lowing correlation against the expected signal , a set of 
measured path arrival times with their signal levels , or a time 
of arrival estimate . Device 800 may further process the time 
information to extract times of arrival of the signals . Device 
800 may transmit the times of arrival of the signals to an 
external device for computation . Alternatively , device 800 
may perform at least a portion of the computation . 
[ 0088 ] Method 900 may include a step 920 of obtaining 
times of arrival of the signals and reference positions of 
multiple reference receivers , such as references 116 , 118 , 
and 120 of FIG . 1. References 116 , 118 , and 120 may have 
components similar to that of device 800 of FIG . 8. For 
example , each of references 116 , 118 , and 120 may identify 
its own position through satellite signals received by a 
GNSS receiver and provide the position as a reference 
position . Alternatively , each of references 116 , 118 , and 120 
may obtain its own position through a previous positioning 
process in which references 116 , 118 , and 120 may be target 
receivers . Each of references 116 , 118 , and 120 may also 
obtain times of arrival of the signals at the reference receiv 
ers . The reference positions and the times of arrival of the 
signals at the reference receivers may be transmitted to the 
external device for computation of the target receiver . Alter 
natively , each of references 116 , 118 , and 120 may perform 
at least a portion of the computation . 
[ 0089 ] Method 900 may include a step 930 of performing 
computation using the times of arrival of the signals at the 
target receivers , the reference positions , and the times of 
arrival of the signals at reference receivers . The computation 
may be performed entirely by a single device whose position 
needs to be determined . Alternatively , the computation may 
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be shared by multiple devices in the positioning system . 
Alternatively , the computation may be entirely performed by 
an external device . 

[ 0090 ] Method 900 may include a step 940 of determin 
ing , a position of a target receiver , and feeding the infor 
mation of the target receiver for another positioning process . 
For example , once the position of device 800 is determined 
by the computation in step 930 , the position information of 
device 800 may be provided as feedback so that device 800 
may be used as a reference receiver in another positioning 
process upon obtaining a time of arrival of the signals at 
device 800. Device 800 may also be used as a reference 
receiver in another positioning system neighboring to device 
800 . 

[ 0091 ] The computer - readable storage medium of the 
present disclosure may be a tangible device that can store 
instructions for use by an instruction execution device . The 
computer - readable storage medium may be , for example , 
but is not limited to , an electronic storage device , a magnetic 
storage device , an optical storage device , an electromagnetic 
storage device , a semiconductor storage device , or any 
suitable combination of the foregoing . A non - exhaustive list 
of more specific examples of the computer - readable storage 
medium includes the following : a portable computer dis 
kette , a hard disk , a random access memory ( RAM ) , a 
read - only memory ( ROM ) , an erasable programmable read 
only memory ( EPROM ) , a static random access memory 
( SRAM ) , a portable compact disc read - only memory ( CD 
ROM ) , a digital versatile disk ( DVD ) , a memory stick , a 
floppy disk , a mechanically encoded device such as punch 
cards or raised structures in a groove having instructions 
recorded thereon , and any suitable combination of the fore 
going . 

[ 0092 ] The computer - readable program instructions of the 
present disclosure may be assembler instructions , instruc 
tion - set - architecture ( ISA ) instructions , machine instruc 
tions , machine - dependent instructions , microcode , firmware 
instructions , state - setting data , or source code or object code 
written in any combination of one or more programming 
languages , including an object - oriented programming lan 
guage , and conventional procedural programming lan 
guages . The computer - readable program instructions may 
execute entirely on a computing device as a stand - alone 
software package , or partly on a first computing device and 
partly on a second computing device remote from the first 
computing device . In the latter scenario , the second , remote 
computing device may be connected to the first computing 
device through any type of network , including a local area 
network ( LAN ) or a wide area network ( WAN ) . 
[ 0093 ] The flowchart and block diagrams in the figures 
illustrate examples of the architecture , functionality , and 
operation of possible implementations of systems , methods , 
and devices according to various embodiments . It should be 
noted that , in some alternative implementations , the func 
tions noted in the block may occur out of the order noted in 
the figures . For example , two blocks shown in succession 
may , in fact , be executed substantially concurrently , or the 
blocks may sometimes be executed in the reverse order , 
depending upon the functionality involved . 
[ 0094 ] It is understood that the described embodiments are 
not mutually exclusive , and elements , components , materi 
als , or steps described in connection with one example 

embodiment may be combined with , or eliminated from , 
other embodiments in suitable ways to accomplish desired 
design objectives . 
[ 0095 ] Reference herein to “ some embodiments ” or “ some 
exemplary embodiments ” means that a particular feature , 
structure , or characteristic described in connection with the 
embodiment can be included in at least one embodiment . 
The appearance of the phrases “ one embodiment ” “ some 
embodiments ” or “ another embodiment ” in various places in 
the present disclosure do not all necessarily refer to the same 
embodiment , nor are separate or alternative embodiments 
necessarily mutually exclusive of other embodiments . 
[ 0096 ] It should be understood that the steps of the 
example methods set forth herein are not necessarily 
required to be performed in the order described , and the 
order of the steps of such methods should be understood to 
be merely example . For example , two blocks shown in 
succession may , in fact , be executed substantially concur 
rently , or the blocks may sometimes be executed in the 
reverse order , depending upon the functionality involved . 
Likewise , additional steps may be included in such methods , 
and certain steps may be omitted or combined , in methods 
consistent with various embodiments . 
[ 0097 ] As used in the present disclosure , the word “ exem 
plary ” is used herein to mean serving as an example , 
instance , or illustration . Any aspect or design described 
herein as “ exemplary ” is not necessarily to be construed as 
preferred or advantageous over other aspects or designs . 
Rather , use of the word is intended to present concepts in a 
concrete fashion . 
[ 0098 ] As used in the present disclosure , unless specifi 
cally stated otherwise , the term “ or ” encompasses all pos 
sible combinations , except where infeasible . For example , if 
it is stated that a database may include A or B , then , unless 
specifically stated otherwise or infeasible , the database may 
include A , or B , or A and B. As a second example , if it is 
stated that a database may include A , B , or C , then , unless 
specifically stated otherwise or infeasible , the database may 
include A , or B , or C , or A and B , or A and C , or B and C , 
or A and B and C. 
[ 0099 ] Additionally , the articles “ a ” and “ an ” as used in 
the present disclosure and the appended claims should 
generally be construed to mean " one or more ” unless 
specified otherwise or clear from context to be directed to a 
singular form . 
[ 0100 ] Unless explicitly stated otherwise , each numerical 
value and range should be interpreted as being approximate 
as if the word " about " or " approximately " preceded the 
value or range . 
[ 0101 ] The use of figure numbers or figure reference 
labels , if any , in the claims is intended to identify one or 
more possible embodiments of the claimed subject matter to 
facilitate the interpretation of the claims . Such use is not to 
be construed as necessarily limiting the scope of those 
claims to the embodiments shown in the corresponding 
figures . 
[ 0102 ] Although the elements in the following method 
claims , if any , are recited in a particular sequence with 
corresponding labeling , unless the claim recitations other 
wise imply a particular sequence for implementing some or 
all of those elements , those elements are not necessarily 
intended to be limited to being implemented in that particu 
lar sequence . 
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[ 0103 ] It is appreciated that certain features of the present 
disclosure , which are , for clarity , described in the context of 
separate embodiments , may also be provided in combination 
in a single embodiment . Conversely , various features of the 
specification , which are , for brevity , described in the context 
of a single embodiment , may also be provided separately or 
in any suitable sub - combination or as suitable in any other 
described embodiment of the specification . Certain features 
described in the context of various embodiments are not 
essential features of those embodiments , unless noted as 
such . 
[ 0104 ] It will be further understood that various modifi 
cations , alternatives and variations in the details , materials , 
and arrangements of the parts which have been described 
and illustrated in order to explain the nature of described 
embodiments may be made by those skilled in the art 
without departing from the scope . Accordingly , the follow 
ing claims embrace all such alternatives , modifications and 
variations that fall within the terms of the claims . 
What is claimed is : 
1. A method for determining positions of one or more 

target receivers , wherein the one or more target receivers and 
one or more reference receivers are configured to receive a 
plurality of signals transmitted at unknown times from a 
plurality of sources that are located at unknown positions 
and not synchronized with each other , the method compris 
ing : 

obtaining times of arrival of the plurality of signals at the 
one or more target receivers at which each of the one 
or more target receivers receives at least a portion of a 
signal transmitted from each of the plurality of sources ; 

obtaining , from the one or more reference receivers , a 
plurality of times of arrival of the plurality of signals at 
the one or more reference receivers associated with 
when the one or more reference receivers receive a 
corresponding portion of the plurality of signals as 
measured according to local clocks of the one or more 
reference receivers , wherein the one or more reference 
receivers are located at a plurality of known reference 
positions and not synchronized with each other or with 
the plurality of sources ; and 

determining the positions of the one or more target 
receivers by computing , based on the plurality of times 
of arrival at the respective one or more reference 
receivers , the plurality of reference positions , and the 
times of arrival at the one or more target receivers . 

2. The method of claim 1 , wherein determining the 
positions of the one or more target receivers further com 
prises : 

constructing a plurality of equations in which the plurality 
of times of arrival of the plurality of signals at the 
respective one or more reference receivers , the plurality 
of reference positions , and the times of arrival of the 
plurality of signals at the one or more target receivers 
are known variables ; and 

determining the positions of the one or more target 
receivers by solving the plurality of equations . 

3. The method of claim 1 , wherein determining the 
positions of the one or more target receivers further com 
prises : 

constructing a first set of equations in which times of 
arrival of the plurality of signals at a first group of 
reference receivers among the one or more reference 

receivers and reference positions of the first group of 
reference receivers are known variables ; 

determining directions from which the plurality of signals 
is incident by solving the first set of equations ; 

constructing a second set of equations in which the times 
of arrival of the plurality of signals at the one or more 
target receivers , the directions of the plurality of sig 
nals , and times of arrival of the plurality of signals at 
a second group of reference receivers among the one or 
more reference receivers are known variables ; and 

determining the positions of the one or more target 
receivers by solving the second set of equations . 

4. The method of claim 3 , wherein the first group of 
reference receivers are the same as or different from the 
second group of reference receivers . 

5. The method of claim 3 , further comprising : 
inputting the determined positions of the one or more 

target receivers as additional reference positions so that 
the one or more target receivers can be used as refer 
ence receivers in another determination . 

6. The method of claim 1 , wherein determining the 
positions of the one or more target receivers further com 
prises : 

sending the times of arrival of the plurality of signals at 
the one or more target receivers , the plurality of times 
of arrival of the plurality of signals at the respective one 
or more reference receivers , and the plurality of refer 
ence positions to a positioning engine ; and 

receiving position information of the one or more target 
receivers determined by the positioning engine . 

7. The method of claim 1 , wherein determining the 
positions of the one or more target receivers further com 
prises : 

performing , by at least one of the plurality of reference 
receivers and at least one of the one or more target 
receivers , a portion of the computing ; and 

communicating computation results between the one or 
more reference receivers and the one or more target 
receivers to determine the positions of the one or more 
target receivers . 

8. The method of claim 2 , wherein the plurality of 
equations is constructed based on signals repeatedly trans 
mitted from a transmitter at different points of time . 

9. The method of claim 1 , further comprising : 
approximating one or more signal propagation wavefronts 

in neighborhoods of the one or more target receivers 
and the one or more reference receivers using a curve 
or a straight line , 

wherein an orientation of the curve or the straight line is 
related to a direction of each of the plurality of signals 
from the plurality of sources , and 

wherein a curvature of the curve or the straight line is used 
in determining the positions of the one or more target 
receivers . 

10. The method of claim 1 , wherein the plurality of 
sources comprises one or more transmitters of one or more 
wireless networks . 

11. The method of claim 1 , wherein the plurality of 
sources comprises one or more virtual sources arising from 
objects that reflect the plurality of signals transmitted from 
the plurality of sources . 
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12. The method of claim 1 , wherein the plurality of 
sources comprises one or more virtual sources arising from 
objects that scatter the plurality of signals transmitted from 
the plurality of sources . 

13. The method of claim 1 , wherein the plurality of 
signals received by the one or more reference receivers 
comprise downlink signals transmitted from the plurality of 
sources . 

14. The method of claim 13 , wherein the plurality of 
signals received by the one or more reference receivers 
further comprises at least one uplink signal transmitted from 
the one or more target receivers or the one or more reference 
receivers . 

15. The method of claim 1 , wherein the plurality of 
sources are not synchronized with each other , when : 

relative times of the plurality of sources are not known ; or 
relative times of the plurality of sources are known with 

a magnitude of an accuracy error greater than 3.3 
nanosecond . 

16. A device configured to determine its position or 
positions of other devices , the device comprising : 

a receiver configured to : 
receive a plurality of signals transmitted at unknown 

times from a plurality of sources that are located at 
unknown positions and not synchronized with each 
other ; and 

obtain a time of arrival of the plurality of signals at the 
receiver at which the receiver receives at least a 
portion of a signal transmitted from each of the 
plurality of sources ; 

a processor configured to : 
determine the position of the device by performing a 

computation based on the time of arrival of the 
plurality of signals at the receiver , a plurality of times 
of arrival of the plurality of signals at one or more 
reference receivers , and a plurality of reference posi 
tions of the one or more reference receivers , 

wherein the plurality of times of arrival of the plurality 
of signals at the one or more reference receivers are 
times at which the one or more reference receivers 
receives a corresponding portion of the plurality of 
signals as measured according to local clocks of the 
one or more reference receivers , and the one or more 
reference receivers are located at known positions 
and not synchronized with each other or with the 
plurality of sources . 

17. The device of claim 16 , wherein the receiver is a first 
receiver , the plurality of signals are first signals , and the 
device further comprises : 

a second receiver configured to receive a second signal 
from a satellite system . 

18. The device of claim 17 , wherein the device is con 
figured to be used as a reference receiver in a positioning 
system when : 

the second signal received from the satellite system 
determines the position of the device ; or 

the position of the device is determined by the computa 
tion . 

19. The device of claim 16 , wherein the receiver is a 
portion of a transceiver modem configured to transmit the 
time of arrival of the plurality of signals at the receiver to an 
external device . 

20. An apparatus configured to determine one or more 
unknown positions of one or more target devices , the 
apparatus comprising : 

at least one first communication interface configured to : 
receive , from the one or more target devices , times of 

arrival of a plurality of signals associated with when 
the one or more target devices receive a correspond 
ing portion of the plurality of signals transmitted at 
unknown times from a plurality of sources that are 
located at unknown positions and not synchronized 
with each other ; and 

receive , from one or more reference devices , one or 
more reference positions of the one or more refer 
ence devices and times of arrival of the plurality of 
signals associated with when the one or more refer 
ence devices receive a corresponding portion of the 
plurality of signals as measured according to local 
clocks of the one or more reference devices , wherein 
the plurality of reference devices are not synchro 
nized with each other or with the plurality of sources ; 
and 

at least one processor configured to : 
determine , the one or more unknown positions of the 

one or more target devices , by performing a com 
putation based on times of arrival of the plurality of 
signals at the respective one or more reference 
devices , the one or more reference positions , and the 
times of arrival of the plurality of signals at the one 
or more target devices ; and 

at least one second communication interface configured 
to : 

transmit information regarding the determined one or 
more positions of the one or more target devices . 

21. The apparatus of claim 20 , further comprises : 
a storage configured to store positioning information 

including directions of the plurality of signals incident 
to the one or more target devices and the one or more 
reference devices , 

wherein the apparatus is configured to share the position 
ing information with an external device . 

22. The apparatus of claim 20 , wherein the processor is 
configured to : 

determine directions of the plurality of sources with 
respect to an origin of a coordinate system . 

23. A non - transitory computer - readable medium having 
stored therein instructions that , when executed by a proces 
sor , perform a method for determining positions of one or 
more target receivers , wherein the one or more target receiv 
ers and one or more reference receivers are configured to 
receive a plurality of signals transmitted at unknown times 
from a plurality of sources that are located at unknown 
positions and not synchronized with each other , the method 
comprising : 

obtaining times of arrival of the plurality of signals at the 
one or more target receivers at which each of the one 
or more target receivers receives at least a portion of a 
signal transmitted from each of the plurality of sources ; 

obtaining , from the one or more reference receivers , a 
plurality of times of arrival of the plurality of signals 
associated with when the one or more reference receiv 
ers receive a corresponding portion of the plurality of 
signals as measured according to local clocks of the one 
or more reference receivers , wherein the one or more 
reference receivers are located at a plurality of known 
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reference positions and not synchronized with each 
other or with the plurality of sources ; and 

determining the positions of the one or more target 
receivers by computing , based on the plurality of times 
of arrival of the plurality of signals at the respective one 
or more reference receivers , the plurality of reference 
positions , and the times of arrival of the plurality of 
signals at the one or more target receivers . 

24. A method for determining directions of a plurality of 
sources with respect to an origin of a coordinate system , 
wherein the plurality of sources is not synchronized with 
each other , and a plurality of signals transmitted at unknown 
time from the plurality of sources are received by one or 
more target receivers and one or more reference receivers , 
the method comprising : 

obtaining times of arrival of the plurality of signals at the 
one or more target receivers at which each of the one 
or more target receivers receives at least a portion of a 
signal transmitted from each of the plurality of sources , 
wherein the one or more target receivers are located at 
unknown positions ; 

obtaining , from the one or more reference receivers , a 
plurality of times of arrival of the plurality of signals 
associated with when the one or more reference receiv 
ers receive a corresponding portion of the plurality of 
signals as measured according to local clocks of the one 
or more reference receivers , wherein the one or more 
reference receivers are located at known reference 
positions and not synchronized with each other or with 
the plurality of sources ; and 

determining the directions of the plurality of sources by 
computing , based on the plurality of times of arrival of 

the plurality of signals at the respective one or more 
reference receivers , the plurality of reference positions , 
and the times of arrival of the plurality of signals at the 
one or more target receivers . 

25. The method of claim 24 , wherein determining the 
directions of the plurality of sources with respect to the 
origin of the coordinate system further comprises : 

constructing a plurality of equations in which the plurality 
of times of arrival of the plurality of signals at the 
respective one or more reference receivers , the plurality 
of reference positions , and the times of arrival of the 
plurality of signals at the one or more target receivers 
are known variables ; and 

determining the directions of the one or more sources by 
solving the plurality of equations . 

26. The method of claim 24 , wherein determining the 
directions of the plurality of sources with respect to the 
origin of the coordinate system further comprises : 

determining distances between the plurality of sources 
and the one or more target receivers . 

27. The method of claim 26 , wherein determining the 
distances between the plurality of sources and the one or 
more target receivers comprises : 

approximating signal propagation wavefronts in neigh 
borhoods of the one or more target receivers and the 
one or more reference receivers using a curve or a 
straight line ; and 

determining curvatures of approximated signal propaga 
tion wavefronts . 


