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Ranging and positioning system

Field of the invention

[0001] The present invention concerns, in enbodinents, a
met hod of transmitting information on a radio channel and, in
particular, a wireless transm ssion schene that can span | ong
di stances with a | ow power consunption, based on chirp spread
spectrum Enbodi nents of the inventions relate |ikew se to

| ow-conplexity transmtting and receiving devices suitable
for wireless transm ssion according the inventive
transm ssi on schene.

Description of related art

[0002] Digital wireless data transm ssion is used in a w de
variety of systens that present a great variability in both
in data rate, transm ssion range, and power consunption.
There is however a need of a digital transm ssion schene that
allies a long transm ssion range with | ow power consunpti on,
and can be realized with sinple receivers and transmtters.

[0003] Many systens are known that provide information on

t he di stance between the end points of a wreless

communi cation |ink. One can cite, for exanple the GPS system
and all simlar |ocalisation systens based on satellites that
emt direct-nodul ated spread spectrum signals. Such systens
have shown excell ent ranging precision over |ong ranges, but
are in general asymmetrical, and conputationally intensive.
Limtation of these techniques are however the conparatively
hi gh conplexity of the receivers, the acquisition tines that
can be very long for weak signals, their power consunption,
and the difficulty of operation in indoor environnents.
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[0004] UVB rangi ng systens are known, that can potentially
of fer high precision ranging nmeasures and transmt data, but
only over limted distances.

[0005] It is known to extract position information in WFi
systens. WFi ranging, however, cannot provide accurate
position information. WFi positioning relies on listening to
access points beacons, and using an access points
maps/ dat abase. RSSI can be used in addition, but tine of
flight is not available. Also, like with GPS, the receiver
gets a localization information, but not the network.

[0006] US6940893 describes a ranging system based on a
doubl e exchange between a master and a slave, that emt radio
chirps. This technique uses fast inpulsive chirps simlarly
to UMB systens and, due to the very large bandwidth, is hard
to extend to long ranges. The range conputation is based on a
doubl e exchange of ranging information, to conpensate for the
fact that the time reference in master and sl ave are not

preci sely synchroni sed, This requires considerable conplexity
in the transceivers. Also since range estinate are explicitly
transmtted over the air, this technique is not intrinsically
secure.

[0007] Eur opean patent application EP2449690 describes a
comuni cation systemusing digitally-synthesized chirp
synbol s as nodul ation, and a suitable FFT based receiver.

[0008] It is an aimof the present invention to propose a

systemthat can estimate the range between the end points of
a wreless link over |onger distances, in a sinpler and | ess
energy-intensive manner than the systens known in the art.

Brief summary of the invention

[0009] According to the invention, these ains are achieved
by neans of the object of the appended cl ai s.
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Brief Description of the Draw ngs

[0010] The invention will be better understood with the aid
of the description of an enbodi ment given by way of exanple
and illustrated by the figures, in which:

Figure 1 shows, in schematic sinplified fashion, the
structure of a radi o nodem according to one aspect of the
present invention.

Figure 2a plots the instantaneous frequency of a base chirp
and of a nodul ated chirp according to one aspect of the

i nvention. The phase of the same signals is represented in
Figure 2b, and Figure 2c plots the real and of the conpl ex
conponent of the base chirp, in the tine domain.

Figure 3 represents schematically the structure of a data
frame exchanged between two devices during the rangi ng nethod
of the present invention.

Figures 4a and 4b illustrate the tine-alignnment of chirps

bet ween a master and a sl ave device involved in the ranging
process of the invention, showing two possible timng errors,
and the msalignnents that are invol ved.

Figure 5 plots a correction function used to estimte a range
according to one aspect of the invention.

Figure 6 shows schematically the steps used in a possible
enbodi nent of the invention.

Figures 7 and 8 presents schematically positioning systens
according to the present invention.

Figure 9 illustrates schematically the exchange of data in a
passive variant of the rangi ng nethod of the invention.
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Figure 10 is a sinplified tine diagramillustrating the
propagati on of signals in the exchange of figure 9.

Figure 11 illustrates schematically a possible structure of a
data frame conprising a secure rangi ng request.

Det ai | ed Description of possible enbodi nents of the Invention

[0011] Several aspects of the chirp nodul ati on techni que
enpl oyed in the present invention are described in European
Pat ent Application EP2449690, that is hereby incorporated by
reference, and will be rem nded here summarily. The radio
transceiver that is schematically represented in Figure 1 is
a possi bl e enbodi mnent of the invention. The transceiver

i ncl udes a baseband section 200 and a radi of requency secti on
100. Concentrating on the transmtter part, the baseband
nodul at or 150 generates, based on the digital data 152 that
are present at its input, a baseband signal whose | and Q
conmponent are converted to the desired transm ssion frequency
by the RF section 100 anplified by the power anmplifier 120,
and transmtted by the antenna.

[0012] The architecture presented all ows several variants
and nodifications, w thout departing fromthe frane of the
invention, and is provided as non-limting exanple. In a
possi bl e enbodi ment, pol ar conponents, anplitude A, and
phase ¢, rather than the Cartesian conponent [ and Q could
be synt hesi zed.

[0013] The conversion of the signal fromthe baseband to
the intended frequency is done, in this exanple, by mxing in
m xer 110 the signal provided by anplifiers 154 with the in-
phase and quadrature conponents of a |l ocal carrier generated
by circuit 190, and linked to a reference clock 129.

[0014] Once the signal is received on the other end of the
radio link, it is processed by the receiving part of the
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transcei ver of Figure 1 conprises a |ow noise anplifier 160
foll owed to a down-conversion stage 170 that generates a
baseband signal conprising a series of chirps, that is then
processed by the baseband denodul ator 180, whose function is
the reverse of that of the nodul ator 150, and provides a
reconstructed digital signal 182.

[0015] As di scussed in EP2449690, the nodul ator 150

synt hesi zes a baseband signal that conprises a series of
chirps whose frequency changes, along a predeterm ned tine
interval, froman initial instantaneous value f, to a fina

i nst ant aneous frequency f;. It will be assumed, to sinplify
the description, that all the chirps have the sane duration
T, although this is not an absol ute requirenent for the

i nvention.

[0016] The chirps in the baseband signal can be descri bed
by the tine profile f(t) of their instantaneous frequency or
al so by the function ¢defining the phase of the signal as a
function of the time. Inportantly, the nodul ator 150 can
generate chirps having a plurality of different profiles,
each corresponding to a synbol in a predeterm ned nodul ati on
al phabet .

[0017] According to an inportant feature of the invention,
t he nodul ator 150 can generate either base chirp that have
speci fic and predefined frequency profile, or one out of a
set of possible nodul ated chirps, obtained from base chirps
by tinme-shifting cyclically the base frequency profile.
Figure 2a illustrates, by way of exanple, possible frequency
and phase profiles of a base chirp and of one nodul at ed
chirps between the tine instant t=t, at the beginning of a
chirp and the instant t=t;at the end of the chirp, while
Figure 2b shows the correspondi ng baseband signals in the
domain of tinme. The horizontal scale corresponds for exanple
to a synbol and while the plots are represented as
continuous, they will be represented by a finite nunber of
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di screte sanples, in a concrete inplenentation. As to the
vertical scales, they are normalized to the intended

bandwi dth or to the correspondi ng phase span. The phase, in
particular, is represented in figure 2b as if it were an
unbounded variable, in order to show better its continuity,
but it may in fact span across several revolutions in a
concrete inplenentation.

[0018] In the exanpl e depicted, the frequency of a base
chirps increases linearly froman initial value f,= —BW/2

at , to a final value f; = BW/2, where BW stands for the
anount of bandw dth spreadi ng, but descending chirps or other
chip profiles are al so possible. Thus, the information is
encoded in the formof chirps that have one out of a
plurality of possible cyclic shifts with respect to a
predet erm ned base chirp, each cyclic shift corresponding to
a possi bl e nodul ati on synbol .

[0019] Figure 2c is a plot of the real and inaginary
conponent, | and Q of the baseband signal corresponding to a
base chirp, in the tinme donain.

[0020] Preferably, the nodulator is also arranged to

synt hesi ze and insert in the signal conjugate chirps, that is
chirps that are conpl ex-conjugate of the base unnodul at ed
chirp. One can regard these as down-chirps, in which the
frequency falls froma value of f,=+BW /2 to f; =—BW /2.

[0021] Preferably, the phase of the chirps is described by
a continuous function ¢(t), that has the sane value at the
begi nning and at the end of a chirp: ¢(t,) = ¢(t;). Thanks to
this, the phase of the signal is continuous across symnbo
boundaries, a feature that will be referred to in the
followi ng as inter-synbol phase continuity. In the exanple
shown in figure 2a, the function f(t) is symetrical, and the
signal has inter-synbol phase continuity. As is explained in
nore detail by EP2449690, the structure of the signa



10

15

20

25

30

descri bed above all ows the denodul ator unit 180 in the
receiver to alignits time references with that of the
transmtter, and the determ nation of the anount of cyclical
shift inparted to each chirp. The operation of evaluating a
time shift of a received chirp with respect to a local tine
reference may be referred to in the foll ow ng as
"dechirping”, and can be carried out advantageously by

mul ti plying the received chirp by a conplex conjugate of a
| ocal | y-generated base chirp, and perform ng a FFT. The
position of the maximumof the FFT is indicative of the
shift, and of the nodul ati on val ue.

[0022] Thus, “cyclic shift value” nmay be used in the
following to indicate the nodulation in the tinme domain, and
“modul ation position”, or “peak position” represents it in

t he frequency donai n.

[0023] W note N the length of the synbol, or equivalently
the spreading factor. To all ow easy reception using FFT, N
is preferably chosen to be a power of two. The Nyqui st
sanpling frequency if 1/BW, and the length of a synbol is
N/BW. To fix the ideas, but without Iimting the invention
to these specific nuneric values, one can inmagine that, in a
possi bl e application, BW be 1 MHz, and N equal 1024, 512, or
256. The carrier frequency nay be in the 2.45 GHz | SM band.
In this particul ar enbodi ment, the nodul ati on schema of the
i nvention could occupy the sane RF band as a Bl uet oot h®
transcei ver and, possibly, reuse or share the RF parts of a
Bl uet oot h® transcei ver.

[0024] Hence, a nodul ated synbol is a cyclic shift of the
base synbol, of any nunber between 0 and N-1. A nodul ation
value of 0 is equivalent to the absence of nodul ation. Since
Nis a power of two, the value of the cyclic shift can be
coded over log, N bits.
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[0025] Preferably, the signal transmtted and received by
the invention are organised in franes that include a preanble
and a data section, suitably encoded. The preanble and the
data section conprise a series of chirps nodul ated and/ or
unnmodul ated, that allow the receiver to tine-alignits tinme
reference with that of the transmitter, retrieve a

i nformati on, performan action, or execute a command. In the
frame of the invention, several structures are possible for
the data franme, depending inter others, on the channel
condition, transmtted data or command. Preferably, the
frames i nclude a preanble, whose purpose is to allow the
synchroni sation in tine and frequency between transmtter and
receiver, and a payl oad that expresses the transnmtted data
or command.

[0026] According to an aspect of the invention,
transmtters and recei ver nodes have preferably a

comuni cati on node that all ow exchange of data by nodul at ed
chirp signals, and/or a ranging node in which ranging
exchange of signals takes place between a nmaster device and a
sl ave device that | eads to the evaluation of the range

bet ween them The slave is arranged for recogni zing a ranging
request and transmt back a ranging response containing
chirps that precisely aligned in time and frequency with the
chirps in the rangi ng requests, whereupon the master can
recei ve the rangi ng response, analyze the tine and frequency
the chirps contained therein with respect to his own tine
reference, and estimate a range to the sl ave.

[0027] Figure 3 represents schematically a possible
structure of a frame conprising a ranging request. The
rangi ng requests starts with a preanble that my have a
structure in common with other franmes exchanged in the system
of the invention for other purposes, and includes a detect
sequence 411 of base synbols. The detect sequence 411 is used
in the receiver to detect the beginning of the signal and,
preferably, performa first synchronisation of its tine
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reference with the tinme reference in the transmtter. By
dechi rpi ng the denodul ated detect sequence , for exanple
multiplying it by a |ocally-synthesized conjugate chirp, and
perform ng a FFT operation, the receiver is able to determ ne
a shift amount.

[0028] The length of the detect sequence can be arbitrarily
long. This is used in application in which comruni cations are
sparse and separated by long intervals of inactivity during
whi ch the receivers are in | ow power standby nodes. The
receiver exhibits in general an idle time, upon reception of
a first signal, for coomuting fromthe standby state into a
fully awake state. The preanble is preferably chosen | onger
than the idle time of receivers, which ensures a high
probability of preanble detection.

[0029] The end of the detect sequence is narked by one or
nore, preferably two, frane synchronisation synbols 412 that
are chirps nodul ated with predeterm ned val ues, for exanple a
first chirp with a nodul ati on value of 4, and a second one
with the opposite nodulation N—4. These nodul ated synbol s
are used to get a frane synchroni zation. In the exanple
shown, the receiver |ooks for the presence of 3 consecutive
synbol s: unnodul ated, nodul ated with first val ue, nodul ated
wi th second value. Since the reception errors are nostly = 1
of fsets, it would not be advi sabl e choosing these val ues for
the frame synchroni sation synbols 412. Preferably the

nmodul ati on of the frame synchronisation synbols is larger, in
absolute shift, than 3 units, so as to mnimze the

i keli hood of errors.

[0030] The use of a single nodul ated synbol as frane synch
mar ker is possible, but not optimal for |ow signal to noise
ratios, where it could lead to false frane synch events, as
soon as a denodul ation error occurs fromO to —say- 4. The
use of the same nodul ation value for several synbols also
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possi bl e, albeit |ess robust, because a single denodul ation
error can offset the frame synch by one synbol

[0031] The predeterm ned nodul ati on val ues of the frane
synchroni sati on synbols 412 can be used al so as network
signature, allow ng the coexi stence of several networks

wi t hout receiving each other's packets. Wien the receiver
tries to achieve frame synch using different pre-determ ned
val ues than the frame it is receiving, frame synch will fai
as the expected sequence will not occur. Wen used for this
pur pose, the frame synchroni zation synbol s nodul ati on val ues
shoul d be unique to a network. For 2 synbols the sets can be,
for instance, {3, N3} for the first network, then {6, N-6},
then {9, N9}, etc. Again, separation of 3 values is

i nportant because the nost |ikely denodulation errors are = 1
of fsets in nodul ati on val ue.

[0032] Accordi ng to anot her aspect of the invention, the
preanbl e i ncludes preferably frequency synchronisation
synbol s 413 that consist in one or nore, preferably two
chirps that are conpl ex-conjugate of the base unnodul at ed
chirp. One can regard these in the baseband representation as
down-chirps, in which the frequency falls froma val ue of
fo=+BW /2 to f=—BW /2. Once frane synch is achieved, the
recei ver can denodul ate these, using a nodified processing
sequence: the baseband signal is nmultiplied by the conpl ex
conj ugate of the sequence used to denodul ate all other
synbol s in preanble and data, and then FFT-transforned.

[0033] Whi | e conjugate synbols for frequency

synchroni sation are effective, this is not the only
possibility, and the invention is not necessarily so |inted.
The conjugate synbols may be replaced in fact by chirps that
have a different bandw dth or duration than the base chirps,
thus exhibiting a frequency variation that is faster, or

sl ower than that of the base chirps. This variant would
require a nore conplex receiver, but, on the other hand,
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| eaves the conjugate-chirps free to use for data
t ransm ssi on.

[0034] The apparent val ue of nodulation will give the
frequency error, thanks to the time-frequency equival ence
property of chirps. To let the receiver align intine, a
silence 420 is inserted after the synbols 413.

[0035] Two synbols are better than one, because sone
repetition is necessary not to nake a denodul ation error.
Al so, since the two synbols are nodul ated with the sane
starting phase, a fine frequency error can be extracted.

[0036] Optionally, the header further includes fine
synchroni sati on synbols 414 that are unnodul ated base chirps,
for exanple, and give the opportunity of a fine tine and
frequency synchroni zati on and all ows the inplenentation of
fully coherent receivers sinply, as well as nore conpact
headers in the data synbols and, equivalently, higher bit
rates. It is possible to process these synbols as outlined
above, multiplying them by a conjugate synbol, extracting an
FFT, and determ ning a peak position that corresponds to a
fine time shift. Such fine time shift is not subject to
drift, because once coarse synchroni sati on has been achi eved,
systematic sanpling drifts due to offsets in crystal
references are properly accounted for. The conpari son of

rel ati ve phases of this peak in different synbols allows to
synchroni se finely the frequencies between transmtter and
receiver.

[0037] If the frequency synchronisation relies on the
frequency synchroni zati on synbols 413 only, sone frequency
of fsets can result in an error of one nodul ati on position:
these are frequency offsets such that the denodul ati on of
down-chirps give two identically likely values. A sinple
receiver is not able to discrimnate the two val ues, and can
take the wong decision, yielding a small residual frequency
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of fset, and half of a nodul ation position timng error. Such
an error can give a full position nodulation error, depending
on noise. An alternative way to give better robustness to the
receiver right after frequency synchronization is the reduced
set of nodul ation val ues, at the expense of |ower data rate.

[0038] In addition to performng fine tinme alignnent, these
synbol s can give another fine frequency error estimte. This

all ows the inplenentation of sinple coherent receivers, which
in turn makes possi ble the nodul ati on of the phase of

synbols, in addition to cyclic shifts as nodul ati on net hod.

[0039] The header part of the frane is a data field 415
that includes an indication that the frame is intended for
rangi ng, and an identification code of the specific device
whose ranging is needed. Only this specific device having an
identification code equal to that specified in the header
shoul d respond to the rangi ng request.

[0040] The rangi ng synbols 416 are a successi on of

unnmodul ated chirps having a predeterm ned tinme structure.
Preferably they are a succession of unnodul ated chirps, i.e.
base chirps.

[0041] Figure 6 illustrates schematically a possible
sequence of steps in master and sl ave devices during a
rangi ng exchange. The exchange is initiated by the nmaster
that transmts a rangi ng request designating a particul ar

sl ave device, and then waits for the appropriate response.
The sl ave receives the request and deals with it as with a
normal transm ssion at first. It runs usual steps of
detection, time and frequency synchronization, and header
decoding. Then it finds out that frane is a rangi ng request,
and conpares the ranging request IDto its owm ID. If they
match, it will proceed to next steps. During this first
phase, the slave has estimted a frequency offset between
master and itself. This frequency offset is used to conpute a
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timng drift between them assuming timng and frequency
derive froma sane tine reference. The slave then carries out
t he rangi ng specific steps:

[0042] a- Rangi ng synchroni zation: this is to align in tine
to the ranging synbols transmtted by the master. I|ndeed,
there can be a tine offset right after the header, as the
header is robust to small tine offsets.

[0043] b- Rangi ng conput ati on. For each synbol, an adjusted
dechirp operation is perforned. A different local chirpis
synt hesi zed for dechirping each synbol in order to adjust for
the timng drift: first the slope of the chirp is nodified,
by a very small fraction corresponding to the crystal offset.
Second the starting frequency of the chirp is nodified, to
accomodat e the accumul ated timng error since the ranging
synchroni zation instant, this value is equal to the synbo
index times an evaluated timng drift per synbol. W here use
fully the frequency-tinme equival ence of chirps, and the fact
that these conpensations are very small. In alternative, the
receiver could interpolate over tinme, but this would be nmuch
nore conplex than a frequency shift. The conpensations are
smal |, frequency shifts of some PPMs won’t nake the signal
step away fromthe channel. Frequency-tine equival ence of
chirps neans that a time offset is equivalent, in certain
aspects, to a frequency offset.

[0044] After FFT, the relative value of output at expected
position is conpared to its nei ghbours. Then an interpol ation
is perforned to find a fine timng. This anobunts to

eval uating the frequency of a sinusoid froma discrete
observation of FFT values not exactly placed on the desired
frequency, and can be carried out in various ways.

[0045] Several synbols are averaged together to get the
fine timng estimate. This allows the slave to determ ne the
exact timng instant at which the response is to be
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transmtted by addi ng together the Coarse Timng shift and
the Fine Timng shift determ ned formthe header, the
duration of the rangi ng sequence given by the expression
Rangi ng_synbol s_nunbers x and a predeterm ned rangi ng
response offset. The slave thus waits until the timng
instant and transmits a rangi ng response.

[0046] The rangi ng response offset is a predetermned tine
i nterval that acconmodates processing tine, and uses the
delay inside receive and transmt radios of the sl ave.
Assuming the estinates are correct, the rangi ng response
starting time of the signal at the antenna shoul d equal the
starting time of the received request, plus a fixed offset,
preferably corresponding to an integer nunber of synbols. The
rangi ng response offset can be constant or adaptively
adjusted in order to conpensate for tenperature changes or
other drift sources.

[0047] I mportantly, by determning the coarse and fine tine
shift estimates and the timng drift, the slave device of the
invention is capable to determine the tine and frequency
shifts of its own tinme reference with respect to that of the
master, based on the tinme and frequency of chirps contained
in the rangi ng request, thanks to the special property of the
rangi ng request that includes chirp-nodul ated signals as
expl ai ned above.

[0048] The rangi ng response i s made of several unnodul ated
chirps. Preferably the sane conpensation is used than during
t he adj usted dechirp step 359 in ranging conputation: a slope
conpensation, plus a timng drift accunul ati on conpensati on.
This comes in addition to a conpensation of transmtted
frequency, according to estimated frequency. In this way, the
rangi ng response is precisely aligned in tinme and frequency
with the tinme reference of the master.
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[0049] Here it is inmportant to notice that the systemis
robust to small errors in frequency offset estimation. If a
smal | error occurs, the receiving frequency and transmtted
frequency will be slightly wong, however the timng drift
estimation will be alnost correct. This is because tin ng
drift estimation is the division of estimated frequency by
carrier frequency. At 868MHz for instance, an error of 120
Hz, which is an unlikely error of a full FFT bin using a
spreadi ng factor of 4096 and a bandw dth of 500KHz, results
in an error of only 0.13 ppm this would give only a 1.5
nmetres ranging error. Second, as the response is tine aligned
to the request, if there is an error in estimted frequency,
it will be conpensated by a proportional error in tine
synchroni zati on, such that the frequency = f(tine) functions
of received signal and denodul ating signal are aligned. The

i mpact of m s-synchronization is then only a tiny degradation
of received energy.

[0050] These two effects are illustrated In figures 4a and
4b, that plot the instantaneous frequencies of a series of
chirps in the naster and in the slave. Chirps generated in
the master device are represented by double lines, while
those pertaining to the slave device are drawn by single
lines. Solid lines indicate signal transmtted between naster
and sl ave, while dashed line stand for locally signals used
for dechirping, for exanple.

[0051] Fi gure 4a shows that the schene is robust to snal
frequency estimation errors fromthe slave, Figure 4b shows
that timng conpensation is nandatory.

[0052] Returning now to figure 6, on the nmaster side, the
recepti on of ranging response requires no synchronization
steps. The master assumes that frequency and timng are
perfectly aligned. The rangi ng response does not need to
enbed frequency estimation synbols. The master only estinates
a timng, performng exactly the sanme steps than the slave in
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rangi ng conmputati on without conpensation. This sinplifies the
nodem as the ranging core is common to both master and
sl ave.

[0053] Preferably the invention conprises a diversity
conmbining to inprove the reliability and precision of range
estimates. By diversity it is here intended that severa
rangi ng nmeasures are perforned between the sane devices.
These neasures can be made successively with separated
exchanges, in parallel during the sane exchange, or both.

[0054] Preferably the conbination of diversity is based on
received signal strength indication. Measures that correspond
to RSSIs which are |ower than a given threshold are

di scarded. Then, remaining neasures are averaged to get an
initial range estimte. A weighted average of estinates,
using RSSI in linear scale as weight, is also possible.

[0055] In a possible inplenmentation, the threshold applied
is around 6 dB: rangi ng nmeasures which have an associ at ed
RSSI 6dB | ower the maxi mum RSSI of the nmeasures set are

di scarded. This threshold conmes from experi nental data.

[0056] If both spatial and frequency diversity are used,
the threshold is preferably conputed for each antenna.

[0057] Once the average of sel ected neasures is avail abl e,
the range estinmate i s conpensated for nultipath. The average
effect of nultipath is to increase the neasured tinme of
flight conpared to the single path, Iine of sight case. Since
range is better represented by a nmeasure of the direct path,
this conpensation is inportant. Since the system of the
invention is in general incapable to resolve the tenporal
structure of the channel because of its narrow band, proper
conpensati on can inprove considerably the reliability the
range esti mates.
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[0058] The | onger the distance between the devices, the
greater the delay spread of the propagation channel. The

i npact of delay spread is however capped: echoes which occur
after a delay |longer than the tine resolution of the system
don’t nodify the range esti nates.

[0059] At a very short distance, below a few neters, the
power profile of the channel is decaying fast. W observed
that the shorter the distance, the |lower the inpact of
mul ti path. Actually for the limt case, which is nul

di stance between devices, the direct path dom nates a |lot the
echoes, so that their inpact is very snall.

[0060] Thi s behavi our has been determ ned from experi nment al
data; figure 5 illustrates a possible conpensation curve used
to extract a true range froma range estinate affected by
mul ti path. Measures using RF cables of various |engths
confirmed that radio propagation in the air was the source of
this di stance dependent ranging bias.

[0061] The invention preferably includes automatic
adapt ati ons neasures, for exanple rate adaptation, adaptive
hoppi ng for diversity, and the ability to perform auto-
calibration of a pair of devices in a “find nmy stuff”
appl i cation.

[0062] Adaptive rate is used to maxim ze the capacity of a
network, or the capacity of a link. The system of the
invention is preferably capable to adapt the frequency and/or
t he bandwi dt h and/or the spreading factor of the signal based
on the channel state.

[0063] By doing rate adaptation, the nmeasure rate can be
increased if the signal to noise ratio is good enough. Rate
adaptation is done with the sane nmechani sns than the
transm ssi on system the spreading factor is changed, the
val ue of the spreading factor is exchanged using the
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comuni cation path. Shorter measures can provi de higher
accuracy thanks to nore averaging, track nore itens, or save
power .

[0064] Adaptive hopping is a feature which is very useful
in particular in the 2.4GH | SM band, because it is crowded
wi th many ot her applications. Since the systemof the
invention is narrowband, it can offer rangi ng service even
when nost of the band is used. This cannot be done by w der
band systenms which are less agile. The best frequency can be
determ ned by a variety of known methods, and sufficient

i nformati on on the hopping sequence is transmtted using the
communi cati on pat h.

[0065] The system of the invention is preferably arranged
to auto-calibrate rangi ng neasures, using distance dependent
ranging error. As shown in Figure 5 the slope of estimted
range versus di stance increases as di stance reduces, up to a
sl ope of 5 for very close ranges, for exanple |less than 15
nmetres. In a typical point to point application, the user is
going to aimat a searched person or thing, at wal king speed,
thus it can be assuned that the rate of change of the true
range is nore or less constant and limted to, for exanple
1.5 nls. Once there is a sudden change in the unconpensated
range estimate, and if the correspondi ng speed is too high to
be pedestrian speed, the system can deduce that the true
range to the searched object is less than 15 netres. This can
be used to nodify the calibration of the master device, to
conpensate for a calibration error of the master, or nore
likely of the slave. The nodified calibration of the naster
actually inproves the calibration of the pair. Conversely, If
the range estimate is lower than 15 nmeters, but if at the
sanme tinme the unconpensated distance estimte varies at a
pedestri an speed, then the system can detect an error and
increase the estimated di stance, since for short distances
estimations should vary faster. This automatic calibration
only happens when devices are close, which is exactly when it
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is needed. Having this automatic calibration in which the
rate of change of the estimated range is used as an

i ndi cation of the true range inproves confidence in the
system where devices can be let without ranging activity for
| ong periods of tine.

[0066] Thanks to the I ong range the systemoffers, the

i nvention can operate in highly obstructed conditions. In
these situations, the ranging estimate will still be al nost
as accurate, since it is based on tine of flight neasures.
Then, conparing the range estinate to the average received
signal strength, the invention can build and display an
obstruction indication. One way to conpute this indication is
to first conpute a path | oss exponent, which should be equal
to 2 inline of sight. Path | oss exponent is such that the
receive power is inversely proportional to the distance

rai sed to the power of the exponent. For this a know edge of
the transmtted power is needed, but this information does
not need to be highly accurate, since the obstructions effect
is usually dom nant. A possible indication of the obstruction
is obtained by subtract 2 fromthe path | oss exponent, and
reporting this nunber to the user.

[0067] For an application where the user has a hand-held
device, the obstruction indication can be a bar growing in
si ze and/ or changi ng col our as obstruction increases. This
way, the hand held device can report sinultaneously an
estimated range, and an estimated obstruction. The
obstruction |l evel can be used as a direction hint: outdoors,
when obstruction is high it often indicates that the body of
the user is obstructing the signal, and facing a different
direction can confirmthis. Indoors, high obstruction |evel
indicates that the itemthe user is aimng at is not in the
same room floor. This is very convenient information for this
application, as proven by several tests.
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[0068] Figure 7 represent a positioning systemthat all ow
the determ nation of the position of a nobile device,
according to an aspect of the invention, of a nobile device
510. Device 510 is capable of comrunicating with a plurality
of positioning devices 521-524 by radio signals conprising a
series of chirps as expl ai ned above.

[0069] The positioning devices act as beacons and are
capabl e of communicate by suitable data |inks 540. Data |inks
540 can be wireless radio links, for exanple based al so on
chi p-nodul ated radi o signals, or on any suitable

conmuni cation standard, or wired |inks based on electric
cables, electric fibres, or any other suitable data

transm ssion neans. Inportantly, the data |inks 540 allow the
synchroni zati on of the respective tine reference of the

devi ces 521-524, as it is known in the art. The

synchroni zation |inks 540 are drawn in figure 7 as to

i nt erconnect the positioning devices 521-524, but, in a non
represented variant, they could instead synchronise their
time references to a common naster reference.

[0070] Posi tioning devices 521-524 are preferably fixed, or
at least slowy noving, and their |ocations, or at |east
their relative locations with respect to one another, are
preci sely known.

[0071] The position system al so includes at | east one

sol ver device 560 that knows the | ocations of the positioning
devi ces 521-524, and can exchange data with them in order to
conpute the position of the nobile device 510, as it will be
expl ai ned further on. Even if the solver device 560 is here
represented as physically distinct fromthe positioning

devi ces 521-524 for generality, this is not a limting
feature of the invention, and in fact each of the positioning
devi ces 521-524, or all of themat the sane tine, could serve
as solver, in which case the |links 540 could be used both for
cl ock synchroni zati on and data exchange.
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[0072] Preferably, the nobile device transnmts a ranging
request 535, for exanple formatted as in figure 3, to all the
positioni ng devices. Each of the positioning devices receives
t he rangi ng request 535 and decodes it in the same manner,
appl ying the steps 350-362 of figure 6, but each of themw |
determne a different ranging response offset since each has
a different distance fromthe nobile device 510.

[0073] At this point the positioning nethod deviates from
t he previous enbodinent in that, instead of generating a
rangi ng response, the offsets are transmtted to the sol ver
devi ce 560, which conmputes the position of the nobile device
560 with respect to the positioning devices 521-524. To this
end, it is required that a sufficient nunber of positioning
devi ces determ ne an offset. In a general case, the sol ver
will have to solve a system conprising four unknown: the
coordi nates x,y,z of the nobile device 510, and the offset At
of its clock, hence at |east four offsets formfour

i ndependent positioning devices need to be determ ned. m
Systens of solving such systens are known in the art.

[0074] Accordi ng to anot her enbodi ment, represented in
figure 8, a position of a nobile node could be determ ned in
the node itself. In this case a plurality of fixed
positioni ng beacons 521-524 have their time reference
synchroni sed, by the |inks 540, as nentioned above, and emt
si mul t aneously, or at predetermned tine intervals, ranging
sequences conprising chirps for exanple as in figure 3. The
nmobi | e device 510 can estimate, as explained with reference
to the figure 6, the relative tine offsets. Since the tine
references of the positioning nodes are synchronous, the
nobi | e node can, provided it determ nes at |east four

i ndependent del ays and knows the positions of the positioning
devices, determine its own coordinates x,y,z and the offset A4t
of its clock.
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[0075] Importantly, in the |ast two enbodi nents, the
position of the nobile node 510 is never transmtted and it
is known only by the solver 560 or, in the latter, by the
nobi | e devi ce 510.

[0076] Accordi ng to another aspect of the invention, a
rangi ng operation can involve involves three devices: a
master, a slave, and third "silent', or 'passive' device
equi pped with a radio receiving unit simlar or conpatible
with that of the naster and the slave. Figures 9 and 10
illustrate this variant.

[0077] To start the ranging, the master device 'A sends a
rangi ng request 543 addressed to a targeted slave device 'B'.
The structure of the rangi ng request can be the sane
presented with reference to previous enbodi nents of the

i nvention and shown in figure 3. The ranging request is
received by the targeted device 'B that denodul ates the
requests, verifies that its own ldentification code
corresponds to the ID code in the ranging request, computes
the frequency drift and offset of its own tinme reference
relative to the clock of the transmtting device 'A based on
the tinme and frequency of chirps contained in the ranging
request, wait for a predetermned tine interval, and sends
back a ranging reply 545 to device "A that containing chirps
that are aligned in time and frequency with the tine
reference of "A'. In this way, 'A can conpute exactly the
propagation tine t1 of the radio signals between itself and
"B and, by this determ nation, the range dl1 between 'A and
'B' .

[0078] The above steps are the sane as in the ranging

nmet hod al ready presented but, in this variant, the signal
exchanged between "A" and 'B are received also by a third
device 'E' . The ranging request from'A propagates al ong the
path 548 to 'E that denopdulates it and aligns its own clock
to the internal tinme reference of "A based on the chirps



10

15

20

25

30

23

present in the ranging request, as 'B" does. The ranging
reply from'B destined to 'A reaches also '"E, along the
path 549; 'E denodul ates the ranging reply , whose chirps
are already aligned in frequency its own, because both 'B

and ' E' have synchronised their internal clocks with "A", and
determnes its arrival tine.

[0079] As shown in the time diagramof figure 10, the tine
i nterval between the arrival of signals 548 and 549 at 'E
results fromthe conposition of the three propagation del ays
tl, t2, t3 and the internal delay of 'B 424. To conpute
ranges, 'E' need to have sone additional information that may
be avail able in various ways.

[0080] In a possible passive rangi ng nethod, the range d2
between "A" and 'E' nay be known in advance to 'E if both
"A' and 'E are fixed devices; if 'A broadcasts the range dl
after its determnation, all the devices 'E that have
listened to the exchange 543, 545 and know their distance to
"A', can conpute passively their range d3 to 'B'.

[0081] In another variant, 'E nmay know in advance that it

is very close to either "A" or 'B and, therefore, one of dl,
d2, d3 can be neglected, while the remaining two ranges can

be consi dered equal. These assunptions allow'E to conpute

an approxi mate range.

[0082] In a further variant, If the range dl1 is unknown to
the device "E', this device 'B can neverthel ess determ ne

t he sumred di stance d1+d3 and |ocate 'B' on an ellipsoid
whose foci are "E and 'A" and the sumed di stance to the
foci is di1+d3. 'E could determ ne range and position of 'B
by conbi ning together information obtained by listening to a
plurality of rangi ng exchanges between 'B' and different
mast er devi ces, whose positions are known to 'E .
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[0083] By any of the above exanples, '"E is able to
determ ne a ranging information passively w thout revealing
its presence, and w thout occupying the radio channel. This
m ght be useful, for exanple in an access contr ol
application, or whenever the position of a nobile device nust
be known to a plurality of wreless nodes.

[0084] In other applications, however, the passive access
to ranging informati on may not be desirable for security
reasons. An exanple nay be an access token that allows to
open a door only when it is in close proximty to the door
itself. The possibility of overhearing or spoofed the range
information would be in this case a security risk. To solve
this difficulty, the ranging nmethod of the invention includes
preferably a secure rangi ng node in which ranging infornmation
is accessible only to the pair of nodes "A and 'B" directly
involved in the transaction, and cannot be collected or

fal sified by other devices.

[0085] Figure 11 shows schematically a possible structure
of a secure ranging request generated by a master node 'A
and directed to a determ ned target node 'B' as well as the
rangi ng reply 419 generated by the target 'B . The request
conprises a preanble for the initial synchronization that is
i dentical or equivalent to that of a conventional ranging
request, as in figure 3, and is not represented for

sinplicity.

[0086] The header 415 includes, as in the previous case, a
command that indicates that a ranging operation is desired,
and an identification of the node to whomthe request is
directed. The header al so includes a ciphered information 414
that can be understood only by using a key or another secret
shared between the requester and the target node and

determ nes the internal delay 424 that will be inserted
before the reply.
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[0087] For exanpl e the ciphered information 414 coul d
conprise the length of the delay 424 that nust be inserted by
"B before the reply 419. Only node 'A knows the delay 424
and can conpute propagation tinme tl1 and range dl. An eventual
node 'E attenpting to eavesdrop the comuni cati on between
"A" and 'B could not extract any information on the ranges,
because he does not know the val ue 424.

[0088] "A'" and 'B can the performthe rangi ng sequence
several tinmes to obtain an averaged val ue of the range dl.
The delay 424 is preferably different for each ranging reply.
It can be specified each tinme in an extended header as shown
in figure 11 or, in alternative, the ciphered val ue
transmtted by 'A can be used as seed to generate a
pseudor andom sequence of variable delays, thus limting the
anount of data transferred and the possibility of attack.

| mportantly, the delays are distributed around a random zed
average value, to avoid that an eavesdropper 'E coul d guess
t he range by averagi ng several transactions.
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Claims

1. A system conprising at least a transmtting
device acting as master and a receiving device acting as
sl ave, each conprising a tine reference and arranged for
transmtting and receiving radio signals that include a
plurality of chirps, wherein each chirpis limted in tine
between an initial instant, at which the signal has an
initial instantaneous frequency and a final instant at which
the signal has a final instantaneous frequency, said initial
and final instants and said initial and final frequencies
bei ng determ ned by the tinme reference, said devices having a
rangi ng node, in which a ranging request is transmtted from
the transmtting device to the receiving device, and wherein
the receiving device is arranged for receiving the ranging
request and for determning the tine and frequency shifts of
the tinme reference of the receiving device with respect to
the tine reference of the transmtting device, based on the
time and frequency of chirps contained in the ranging
request, wherein the receiving device is arranged for
transmtting back a ranging response that contains chirps
that are aligned in time and frequency with the tine
reference of the transmtting device, and wherein the system
includes a third device conprising a radio receiving unit
conpatible with those of the transmtting device and of the
receiving device, the third device being arranged for
receiving the signal exchanged fromsaid transmtting device
and said receiving device and for determning a range to the
transmtting device or to the receiving device passively.

2. The system of the previous claim wherein the
third device is further arranged for estinmating a range to
t he receiving device based on the tinme and frequency of
chirps contained in the ranging response, wherein the ranging
response is separated fromthe rangi ng request by a del ay
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whose length is determ ned by a secret shared by the
transmtting device and the receiving device.

3. The system of one of clainms 1 or 2, further
conprising a plurality of receiving devices having a common
time reference arranged for receiving the ranging request,
and for determining a plurality of tinme offsets dependent on
the range between the transmtting device and each receiving
devi ce, and a conputing nmeans, arranged for determ ning the
position of the transmitting device based on said tine
of f set s.

4. The system of one of clains 1 or 2, conprising a
plurality of transmtting devices having a comon tine
reference arranged for transmtting said rangi ng requests,
and a receiving device, arranged for arranged for receiving
the rangi ng requests and for a plurality of tine offsets
dependent on the range between the receiving device and each
transmtting device, and for determining the position of the
recei ving device based on said tine offsets.

5. The system of any one of clainms 2-4, having a
open rangi ng node in which the delay of the ranging reply is
pr edet er m ned.

6. The system of any one of the previous clains,
wherein each chirpis limted in tine between an initial
instant, at which the signal has an initial instantaneous
frequency and an initial phase; and a final instant at which
the signal has a final instantaneous frequencyand a fi nal
phase, the phase of the signal being essentially continuous.

7. The system of any one of the previous clains,
wherein the rangi ng request conprises a series of identical
chirps, and the receiving device is arranged for performng a
dechirp operation, in which each received chirp is nultiplied
by a | ocally-generated conjugate chirp, and a FFT i s executed
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on the result, whereupon the peak of the FFT is an indication
of the time shift between the received chirps and the locally
gener ated ones.

8. The system of the previous claim wherein the
receiving device is arranged for perform ng an adjusted
dechirp, in which a different |ocally-generated chirp is used
at each received chirp in order to adjust for the timng and
frequency shifts.

9. The system of any one of clains 2-8, wherein the
rangi ng response conprises a series of identical chirps that
are synthesized in the receiving device applying different
paranmeters to each chirp, such that they are aligned in tine
and frequency with the tine reference of the transmtting
devi ce.

10. The system of any one of the previous clains,
wherein the receiving and/or the transmtting devices are
arranged to perform several ranging neasures and for
conbi ni ng them based on the associ ated signal strength.

11. The system of any one of the previous clains,
wherein the frequency and/or the bandw dth and/or the
spreading factor of the radio signals is adapted based on the
channel state.

12. The system of any one of the previous clains,
wherein the receiving device is arranged to conpensate a
range estimte affected by nultipath by applying a
conpensati on curve.

13. The system of the previous claim arranged to
execute automatic calibration of the conpensation curve, in
which the rate of change of the estimated range is used as an
i ndi cation of the true range.
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14. The system of any one of the previous clains,
further arranged to conputed an obstruction indication based
on the range estimte and the received signal strength.

15. The system of any one of the previous clains,
5 wherein the transmitting device and the receiving device have
a comuni cation node that allows themto exchange digital
data by chirp-nodul ated radi o signals.



