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Description
BACKGROUND OF THE INVENTION
1. Field of the Invention.

[0001] The present invention relates generally to wireless communication systems, and, in particular, to a wireless
communication system adapted to perform asymmetric double-sided two-way ranging.

2. Description of the Related Art.

[0002] In general, in the descriptions that follow, we will italicize the first occurrence of each special term of art which
should be familiar to those skilled in the art of ultra-wideband ("UWB") communication systems. In addition, when we
first introduce a term that we believe to be new or that we will use in a context that we believe to be new, we will bold
the term and provide the definition that we intend to apply to that term. In addition, throughout this description, we will
sometimes use the terms assert and negate when referring to the rendering of a signal, signal flag, status bit, or similar
apparatus into its logically true or logically false state, respectively, and the term toggle to indicate the logical inversion
of a signal from one logical state to the other. Alternatively, we may refer to the mutually exclusive Boolean states as
logic_0 and logic_1. Of course, as is well known, consistent system operation can be obtained by reversing the logic
sense of all such signals, such that signals described herein as logically true become logically false and vice versa.
Furthermore, it is of no relevance in such systems which specific voltage levels are selected to represent each of the
logic states.

[0003] By way of example, in an ultra-wideband ("UWB") communication system, a series of special processing steps
are performed by a UWB transmitter to prepare payload data for transmission via a packet-based UWB channel. Upon
reception, a corresponding series of reversing steps are performed by a UWB receiver to recover the data payload.
Details of both series of processing steps are fully described in IEEE Standards 802.15.4 ("802.15.4") and 802.15.4a
("802.15.4a"). As is known, these Standards describe required functions of both the transmit and receive portions of the
system, but specify implementation details only of the transmit portion of the system, leaving to implementers the choice
of how to implement the receive portion.

[0004] One or more of us have developed certain improvements for use in UWB communication systems, which
improvements are fully described in the following pending applications or issued patents:

[0005] "A Method and Apparatus for Transmitting and Receiving Convolutionally Coded Data", US 7,636,397, issued
22 December 2009;

[0006] "A Method and Apparatus for Generating Codewords", US 7,787,544, issued 31 July 2010;

[0007] "A Method and Apparatus for Transmitting and Receiving Convolutionally Coded Data", US 8,358,709, issued
22 January 2013; and

[0008] "Receiver for Use in an Ultra-Wideband Communication System", US 8,437,432, issued 7 May 2013;

[0009] "Convolution Code for Use in a Communication System", US 8,677,224, issued 18 March 2014;

[0010] "Adaptive Ternary A/D Converter for Use in an Ultra-Wideband Communication System", US 8,436,758, issued
7 May 2013; and

[0011] "Receiver for Use in an Ultra-Wideband Communication System", US 8,760,334, issued 24 June 2014.
[0012] In prior art wireless communication systems, one known approach for measuring the distance from device A
to device B is to measure the round trip times for an electromagnetic signal such as a group of radio pulses to get the
time of flight, T. We can then multiply this time, T; by the speed of radio waves (i.e., the speed of light) to find the
distance from A to B.

[0013] For example, in Fig. 2, A transmits a packet, P1, to B. B receives this signal, and a short time later, D, it
transmits a packet, P2, back to A. The packet, P2, arrives at A a time R, after transmitting packet P1. So we have the
relationship:

So:

_ (Ra_Db)
[Eq.2] Tp = ==

[0014] In practice, in A and B, the times are measured by real clocks, Clock A and Clock B, respectively. Because it
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may not be possible to synchronize these clocks with each other, they will run either faster or slower than an ideal clock,
but if they are synchronized to a reference frequency generator, they will run at what can be assumed to be a constant
frequency over the duration of the signal exchange. Let us say that Clock A and Clock B run respectively at k, and kj,
times the frequency of an ideal, true, clock. Any time measurements will be multlplled by these constants, k, or k. Let
us denote the actual time estimates for R, as R for D, as D and similarly Rb and Db are the estimates of R, and D,
Since R is measured at A by A’s clock:

[Eq.3a] R, = k,R,
Similarly:

[Eq.3b] D, = k,D,

[Eq 30] I’éb = kbRb

[Eq 3d] ’D\b = kab

[0015] We could use these estimates for R, efc., in Eq. 2 to develop an estimate, Tf, of T However, if the values of
k, or k,, arc unknown, then wc cannot calculate R,, etc. But, if we use R D efc., as estimates for R,, D,, efc.:

[Eq. 4a] R, = 2T; + D,
[Eq. 4b] R, = 2T; + D,
then we introduce a measurement error. For example, if we consider 7}1 to be an estimate of T;

(éa_’D\b) _ (kaRa_kab)
2 2

[Eq. 5] Ty =
then the error in this estimation is:

((ka_l)Ra_(kb_l)Db)
2

[Eq. 6] Tpy — Tf =

[0016] For typical UWB systems, e.g., those based on the IEEE802.15.4a UWB physical layer, (k, - 1) and (k;, - 1)
are up to 20 ppm, i.e., 20x10-6, and it is important to keep the error below I00ps (1x10-10), which means the delays,
e.g., bb, must be kept below about 5us. The delay includes the time to send the packet, which is typically >100us, so
it is not practical to implement such short delays.

[0017] An improvement on this has been suggested by Fleming, et al. (US 6,400,754), and later by Menzer, et al. (US
7,843,379). Inthese schemes, a second round trip messaging round is implemented, for a total of 4 transmitted messages.
The packet P2, sent from B not only acknowledges the arrival of P1 but its arrival at A initiates a delay, ba, in A before
transmission of a third packet P3 by A. This third packet is received at B and the time for this second round trip is
measured at B. In both of these schemes, it is suggested that the delay times ba and bb be made symmetric, i.e., be
made to be equal or nearly equal. It is pointed out by Menzer that if this is done and if two estimates are calculated for
each of the two round trips and if the two estimates are averaged, the errors almost cancel each other out and the overall
error can be made to be acceptably small. Using this prior art method, the error in the average of the two estimates is:

Tra=Tp)+(Tr2=T5) _ ((ka=1)Ra=(kp=1)Dp) ((kb—l)Rb—(ka—l)Da)
2 4 4

[Eq. 7a]
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(Tr1-Ts)+(Tr2=Ty) _ ((ka=DRa—Uep-1)Dp) | ((kp—1Rp—(kq—1)Dq)
[Eq. 7b] > = ” + ”

While this is certainly true, we submit that it is an unreasonable burden on systems to require the response delays to
always be symmetric, i.e., approximately equal.

[0018] We submit that what is needed is an improved method and apparatus for use in the receiver of a wireless
communication system to determine ranging. In particular, we submit that such a method and apparatus should provide
performance generally comparable to the best prior art techniques, but allow asymmetric delays to be used without
significantly reducing accuracy.

BRIEF SUMMARY OF THE INVENTION

[0019] In accordance with a preferred embodiment of our invention, we provide an asymmetric double-sided two-way
ranging method using three messages, P, P,, and P5, to complete a pair of round-trip delay measurements between
a first device, A, having a first clock, C,, and a second device, B, having a second clock, Cy,. In accordance with our
method, in A, we transmit P, at a selected point in time T, relative to C; then, in B, after an unknown time-of-flight, Ty,
we receive P, at a time T, relative to Cy,; and, after a first transmit delay, bb, we transmit P, at a time T, relative to C,,.
Again in A, after a first response delay, IA?a, relative to Ty, we receive P, at a time T; relative to C,; and after a second
transmit delay, ba, we transmit P4 at a time T, relative to C; and then, in B, after a second response delay, IA?b, relative
to T,, we receive P5 at a time T5 relative to C,;; and develop an estimate, 7}, of T; in accordance with a selected one of

the following:

~ 1§a§b_ﬁaﬁb_
Tyq = - Rakb=Dal,
2 RgtDq
~ 1§a§b_§a5b
be = ;
2  Rp+Dy
and
- RoRy—D,D,
Tfab == =
Rq+Dg+Rp+Dp

[0020] In accordance with a further embodiment of our invention, we enhance our method by developing, in B, an
estimate of a distance between A and B as a function of 7}.

[0021] The methods of our invention may be embodied in computer readable code on a suitable computer readable
medium such that when a processor executes the computer readable code, the processor executes the respective
method.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0022] Our invention may be more fully understood by a description of certain preferred embodiments in conjunction
with the attached drawings in which:

Fig. 1 illustrates, in block diagram form, one embodiment of a receiver adapted for use in a UWB communication
system;

Fig. 2 illustrates, in time flow form, one embodiment of a method adapted to determine ranging in accordance with
our invention; and

Fig. 3 illustrates, in time flow form, one other embodiment of a method adapted to determine ranging in accordance
with our invention.

[0023] Inthedrawings, similar elements will be similarly numbered whenever possible. However, this practice is simply
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for convenience of reference and to avoid unnecessary proliferation of numbers, and is not intended to imply or suggest
that our invention requires identity in either function or structure in the several embodiments.

DETAILED DESCRIPTION OF THE INVENTION

[0024] Recall that we do not know the real delay times, D, and Dy, or the round trip times, R, and R,,. All we have are
estimates which we know are in error by a much larger amount than the time of flight we are trying to estimate. Indeed,
the amount of error in these estimates is impossible to know without access to a perfect clock.

[0025] We know from Eq. 3b:

[Eq. 8a] D, =

[0026] And similarly from Eq. 3d:

[Eq. 8b] D, = 22
kp
[0027] Then from Eq. 8b and Eq. 1:
[Eq.9a] Ry = 2T; + 22
[0028] And similarly:

[0029] Then from Eq. 9a and Eq. 3a:

= D
[Eq. 10a] R, = 2k, Ty + *aTp
[0030] Similarly, from Eq. 9b and Eq. 3c:

kaa

[0031] In Eq. 10a and Eq. 10b, above, we have elapsed time periods, IA? IA?b, b and bb, that we can measure using
the respective, local clocks of A and B. But we have no convenient way of measurlng k or kp; and these clock skew
errors swamp the value of T We have discovered, however, that if we multiply R by Rb, the bulk of the value of the
product will be the product of D and Db Thus, for this term in the product, the k, and k;, constants effectively cancel
each other out. Let us see where this leads:

[0032] From Eqg. 10a and Eq. 10b:

kan kaa kan kpDa

[Eq. 11] R,R,, = 4k k, T + —H42ky Ty = + 2ka Ty =

[Eq 12] R\aﬁb = 4kakaf2 + ﬁa’D\b + ZTf(kaﬁb + kbﬁa)
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[Eq 13] R\aﬁb - ﬁaﬁb = 4kakaf2 + ZTf(kaﬁb + kbﬁa)

[0033] Then from Eq. 10a and Eq. 13:

R _5aﬁb 4kakaf +2Tf(kan+kaa)

atla Zkan+—b+Da

[0034] On the left hand side, taking out 27f and multiplying above and below by kj,:

RaRy=DaDy _ »p j 2kaknTs+kaDy+kpDa
[0035] So finally:
ﬁaﬁb—ﬁaﬁb
[Eq. 16a] 22202 = 2Tpky, ~ 2Ty
[0036] Similarly:
I? -DgDp ~
[Eq. 16b] ~ g2 32 = 2Tk, =~ 2Ty

[0037] So now we have two possible estimates for T Since k, and k, are very close to 1, i.e., 0.99998 < k_, k, <
1.00002, we can estimate T;as follows:

A _ 1RqRp-DgDy
[Eq. 17a] T¢q = 2" R,+Dq

A _ 1RqRp-DgDy
[Eq 17b] be = 2—§b+5b

[0038] Note that these estimates are very close to the actual T; because k, and k; are very close to one, and, in
particular, their accuracy is independent of the delays employed at A and at B.

[0039] Whether a system should best use Eq. 17a or Eq. 17b would depend on which clock it expects to be more
accurate. For example, if the system consisted of devices with high accuracy clocks in Role B, above, and tags with low
accuracy clocks in Role A, above, then it should use Eq. 17a. If it expects neither to be more accurate than the other
and it cannot readily calculate the accuracy of either, it would be most accurate to use the average result from Eq. 17a
and Eq. 17b since this will always be as good as, or better than, the worst of the two. We have found by experimentation
with typical values of delay and clock offset that this average can be approximated by the following:

[0040] Note that the value of R is close to the value of Db, since Db makes up most of the time for this particular round
tnp measurement This means that i in the denominator of formulas Eq. 17a, Eq. 17b and Eq 18, Db can be used mstead
of R or R can be used mstead of Db without greatly reducing the accuracy. Similarly, D can be used instead of Rb
and Rb can be used instead of D leading, e.g., to:
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~ 1R, b
[Eq. 191 Tp = 2

ﬁb_ﬁa
ﬁa"'ﬁb

Systems which benefit from flexible response delays

[0041] By way of example, let us assume that one device device sends a packet, P1, to many, say 5, tags. Each tag
then responds with a packet to this device in successive responses: Tag 1 responds with packet 2a after time t; Tag 2
responds with packet 2b after time 2t; Tag 3 responds with packet 2c after time 3t; Tag 4 responds after time with packet
2d 4t; and Tag 5 responds with packet 2e after time 5t. Now, the device closes off the round with a final packet 3. Each
tag can now calculate its distance from the device after a sequence of just 7 messages. If the device had used SDS-
TWR, it would be forced to have the same delay for each tag interaction and a minimum of 3 messages per tag, or 15
messages would be required. In accordance with our invention, the number of packets required is N+2 instead of 3N.
By thus allowing asymmetric delays, our invention results in a significant reduction in airtime and power consumption.
[0042] Consider now a system with a mobile tag (on an asset, say) that sends a packet P1 received by many fixed
devices in an infrastructure, where three of which reply in turn with packets P2a, P2b, P2c, after which the tag sends
P3 received by all three devices. Then, using our invention, each of the three devices independently calculates its
distance to the tag. These three distances can then be combined in an infrastructure-based-solver to locate the tag by
triangulation. This allows the tag/asset to be located after sending 2 messages and receiving 3. If symmetric timings
were needed, as in the prior art, then this process would require a minimum of 6 transmissions and 3 receptions to
complete.

[0043] In the case of a peer-to-peer network of N mobile nodes where each node wants to find its distance to every
other peer node as part of solving their relative location, then this is 2N(N-1) distance measurements. For example, for
a 5 node system, this consists of 10 distinct distance measurements. With the prior art symmetric double-sided ranging,
this requires 3 messages per distance measurement. In some cases, there may also be a need to send an additional
message to communicate the results, which could be 1 per distance measurement or just 1 per node containing all the
results which that node calculated. This is then a total of 35 to 40 messages in the 5 node example case. Using our
asymmetric ranging invention, as illustrated in Fig. 2, the ranging exchanges can be combined and completed with just
two transmissions per node, i.e., 10 messages in the case of the 5 node example. This is achieved as follows:

[0044] Let us define the three messages of the ranging exchange as: the Poll, P, sent by the initiator; the Response,
R; and the Final message, F, that completes the two round trips; and, further, define the result communicated as a time-
of-flight report message, T. If we enumerate these messages as P, R, F and T, with subscripts indicating the source
and destination node addresses, and number the nodes from 1 to 5, then the 10 ranging exchanges for the 5 nodes can
be achieved with the 10 messages listed in table 1:

Table 1 - Example 5 node peer-to-peer optimized ranging solution

Sender | Message e
Message # Node Content Description

1 1 Py Py Initiating Poll from node 1 to the others.
P14 Pys

2 2 Ry1 Po3 | This message is the Response to node 1, and, also serves as node 2's
P,4 Pos | initiating Pollto nodes 3, 4 and 5.

3 3 R34 Rz, | Responses to nodes 1 and 2, and also serves an Initiating Poll to nodes 2
P34 P35 | and up.

4 4 R41 R4 | Node 4’s Responses to nodes 0, 1 and 2, and Poll to node 5.
Raz Pas

5 5 Rg1 Rs, | Gives Response to nodes 0, 1, 2 and 3.
Rss Rss

6 1 Fio Fis Final Messages completing the ranging exchange between node 1 and
Fi4 Fi5 each of the other nodes 2 to 5.

7 2 Ty1 Fo3 TOF message reporting the node-1 to node-2 distance. And the Final
Fos Fos Messages completing the ranging exchanges between node 2 and each of

the other nodes 3 to 5.
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(continued)
Sender | Message e
Message # Node Content Description
8 3 LEYRLEY: TOF messages reporting node 3’s distances to nodes 1 and 2. And the
Fz4 F35 Final Messages completing the ranging exchanges between node 3 and
each of the other nodes 4 and 5.
9 4 Ty1 Tao TOF messages reporting node 4’s distances to nodes 1, 2 and 3. And the
Ty3 Fys Final Message completing the ranging exchange between node 4 and node
5.
10 5 Ts1 Tso TOF messages reporting node 5’s distances to nodes 1, 2, 3 and 4.
Ts3 Tsa

[0045] Ascanbe seen, thisthenis asubstantial saving on message traffic (saving battery power and air-time). However,
the ranging exchanges are highly asymmetric: in the Table 1 example, above, the ranging exchange between node 1
and node 5 starts with the poll from node 1 at message #1, then the response from node 5 is at message #5 and the
final from node 1 is message #6. If these message times are in units approximately 200 ws, then these two round trips
are asymmetric with timings of approximately 800 ps versus 200 ps. This scheme then only works well when the
asymmetric nature of the communications does not lead to a large ranging error. Fortunately, however, there are many
other examples where flexible response delays are an advantage.

Possible Ranging Schemes

[0046] As noted above, Fig. 2 illustrates a two-way ranging exchange using three messages to complete a pair of
round-trip delay measurements. In this scheme, a first device, A, transmits a first message, P, at a selected pomt in
time (step 10). After an unknown time-of-flight, T a second device, B, receives P, (step 12). After a first delay, Db, that
is charactenstlc of B, B transmits a second message, P, (step 14). After T, A receives P, (step 16). After a second
delay, Da, that is characteristic of A, A transmits a third message, P5 (step 18). Finally, after T; B receives P5 (step 20).
Using a selected one of either Eq. 17a and Eq. 17b, or, perhaps, using only Eq. 18, we can now calculate a reasonably
close estimate of T;

[0047] As shown in Fig. 3, our asymmetric ranging method can also be performed using four messages to comprise
two pairs of round-trip measurements, where each pair is separated in time by some relatively small but otherwise
arbitrary interval. In accordance with this alternative scheme, the first round-trip measurement consists of a first message,
P, (steps 22 and 24) and a first response, P, (steps 26 and 28), and the later, second round-trip measurement also
consists of a second message, P (steps 30 and 32) and a second response, P, (steps 34 and 36), but sent in the
opposite direction to those of the first round-trip measurement. Again, using a selected one of either Eq. 17a and Eq.
17b, or, perhaps, using only Eq. 18, we can now calculate a reasonably close estimate of T

[0048] Thus it is apparent that we have provided an improved method and apparatus for use in the receiver of a
wireless communication system to determine ranging. Although we have so far disclosed our invention only in the context
of a packet-based UWB communication system, we appreciate that our invention is broadly applicable to other types of
wireless communication systems, whether packed-based or otherwise, that perform ranging using response time stamps.
Further, we submit that our invention provides performance generally comparable to the best prior art techniques but
more efficiently than known implementations of such prior art techniques.

Claims

1.  An asymmetric double-sided two-way ranging method using three messages, P4, P,, and P3, to complete a pair of
round-trip delay measurements between a first device, A, having a first clock, C,, and a second device, B, having
a second clock, C,, the method comprising the steps of:

[1.1] in A, transmitting P at a selected point in time T relative to C;
[1.2]in B:

[1.2.1] after an unknown time-of-flight, Ty, receiving P4 at a time T, relative to Cy,; and
[1.2.2] after a first transmit delay, Db, transmitting P, at a time T, relative to Cy;
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[1.3]in A:

A

[1.3.1] after a first response delay, R, relative to T, receiving P, at a time T; relative to C,; and
[1.3.2] after a second transmit delay, D, transmitting P5 at a time T, relative to C,; and

[1.4]in B:
[1.4.1] after a second response delay, IA?b, relative to T,,receiving P53 at a time T relative to Cy,; and char-

acterized in
[1.4.2] developing an estimate, T of T; in accordance with a selected one of:

[1.4.2.1]
’T’ lﬁaﬁb_ﬁab\b‘
fa =3 Rue+bg
[1.4.2.2]
’T’ lﬁaﬁb_ﬁaﬁb .
fb — 2 §b+ﬁb ’
and
[1.4.2.3]
7 RaRp—DgDy
fab = g 4Da+Ry+Dy’

The method of claim 1 further including the step of:

[1.4.3] developing an estimate of a distance between A and B as a function of 7}.
An asymmetric double-sided two-way ranging method using four messages, P4, P,, P5 and P,, to complete a pair
of round-trip delay measurements between a first device, A, having a first clock, C,, and a second device, B, having

a second clock, C,, the method comprising the steps of:

[3.1] in A, transmitting P at a selected point in time T relative to C;
[3.2]in B:

[3.2.1] after an unknown time-of-flight, Ty, receiving P4 at a time T, relative to Cy,; and
[3.2.2] after a first transmit delay, D,,, transmitting P, at a time T, relative to C,;

[3.3]in A:

[3.3.1] after a first response delay, R,, relative to T, receiving P, at a time T relative to C;

[3.4] in B, transmitting P5 at a selected point in time T, relative to Cy;
[3.5]in A:

[3.5.1] after an unknown time-of-flight, Ty, receiving P at a time Tj relative to C,; and
[3.5.2] after a second transmit delay, D, transmitting P, at a time Tg relative to C,; and

[3.6] in B:

[3.6.1] after a second response delay, /A?b, relative to T4, receiving P, at a time T relative to Cy; and
characterized in
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[3.6.2] developing an estimate, 7}, of T; in accordance with a selected one of:

[3.6.2.1]
’T’ lﬁaﬁb_ﬁaﬁb.
fa =3 Ru+b,
[3.6.2.2]
’T’ lﬁaﬁb_ﬁaﬁb .
fb = 2 Rp+Dy ’
and
[3.6.2.3]
T ﬁaﬁb—ﬁaﬁb
fab = R +Dg+Ry+Dp

4. The method of claim 3 further including the step of:
[3.6.3] developing an estimate of a distance between A and B as a function of 7}.

5. An asymmetric two-way ranging circuit configured to perform the method of any preceding claim.

6. A wireless receiver comprising an asymmetric two-way ranging circuit according to claim 5.

7. A wireless transceiver comprising a wireless receiver according to claim 6.

8. A wireless communication system comprising a wireless transceiver according to claim 7.

9. Anon-transitory computer readable medium including executable instructions which, when executed in a processing
system, causes the processing system to perform the steps of a method according to any one of claims 1 to 4.

Patentanspriiche

1. Asymmetrisches doppelseitiges Zwei-Wege-Entfernungsverfahren unter Verwendung von drei Nachrichten P4, P,
und P53, um ein Paar von Rundlaufverzégerungsmessungen zwischen einer ersten Vorrichtung A, die einen ersten
Taktgeber C, aufweist, und einer zweiten Vorrichtung B, die einen zweiten Taktgeber Cy, aufweist, zu vervollstan-

digen, wobei das Verfahren folgende Schritte umfasst:

[1.1]in A, Ubertragen von P4 zu einem ausgewdhlten Zeitpunkt T in Bezug auf C;
[1.2]in B:

[1.2.1] nach einer unbekannten Flugzeit, T;, Empfangen von P, zu einem Zeitpunkt T, in Bezug auf Cy;
und [1.2.2] nach einer ersten Sendeverzégerung D,, Senden von P, zu einem Zeitpunkt T, in Bezug auf Cy,;

[1.3]in A:
[1.3.1] nach einer ersten Ansprechverzégerung /A?a in Bezug auf Ty, Empfangen von P, zu einem Zeitpunkt
T4 in Bezug auf C,; und

[1.3.2] nach einer zweiten Sendeverzégerung ba, Senden von Py zueinem Zeitpunkt T, in Bezug auf C; und

[1.4]in B:
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[1.4.1] nach einer zweiten Ansprechverzégerung /A?b in Bezug auf T,, Empfangen von P4 zu einem Zeitpunkt
Ts in Bezug auf Cy,; und gekennzeichnet durch
[1.4.2] Entwickeln einer Schatzung T;von T; gemaR einem Ausgewahlten von:

[1.4.2.1]
fa ™ 2 Re+Bg °
[1.4.2.2]
e e ﬁé}&ﬁg?
und
[1.4.2.3]

7 — _RaRp-Daby
fab = g A Bathy 4Dy

Verfahren nach Anspruch 1, das ferner folgenden Schritt umfasst:

[1.4.3] Entwickeln einer Schatzung eines Abstandes zwischen A und B als Funktion von 7}.
Asymmetrisches doppelseitiges Zwei-Wege-Entfernungsverfahren unter Verwendung von vier Nachrichten P4, P,,
P3 und P4, um ein Paar von Rundlaufverzégerungsmessungen zwischen einer ersten Vorrichtung A, die einen
ersten Taktgeber C, aufweist, und einer zweiten Vorrichtung B, die einen zweiten Taktgeber C,, aufweist, zu ver-

vollstandigen, wobei das Verfahren folgende Schritte umfasst:

[3.1]in A, Ubertragen von P4 zu einem ausgewdhlten Zeitpunkt T in Bezug auf C;
[3.2]in B:

[3.2.1] nach einer unbekannten Flugzeit, T;, Empfangen von P, zu einem Zeitpunkt T, in Bezug auf Cy;
und [3.2.2] nach einer ersten Sendeverzégerung D,,, Senden von P, zu einem Zeitpunkt T, in Bezug auf Cy,;

[3.3]in A:

[3.3.1] nach einer ersten Ansprechverzégerung /A?a in Bezug auf Ty, Empfangen von P, zu einem Zeitpunkt
T4 in Bezug auf C;

[3.4] in B, Ubertragen von P5 zu einem ausgewahlten Zeitpunkt T, in Bezug auf Cy;
[3.5]in A:

[3.5.1] nach einer unbekannten Flugzeit, T, Empfangen von P3 zu einem Zeitpunkt T5 in Bezug auf C,; und
[3.5.2] nach einer zweiten Sendeverzégerung D,, Senden von P, zu einem Zeitpunkt Tgin Bezug auf C,; und

[3.6] in B:
[3.6.1] nach einer zweiten Ansprechverzégerung /A?b in Bezug auf T4, Empfangen von P, zu einem Zeitpunkt
T, in Bezug auf Cy; und gekennzeichnet durch

[3.6.2] Entwickeln einer Schatzung 7} von T; gemaR einem Ausgewahlten von:

[3.6.2.1]

1"



10

15

20

25

30

35

40

45

50

55

EP 3 158 359 B1

s 1 Bahp~DaDp.

Tra =372, +5,
[3.6.2.2]
¥ o= 1 Raly—~Daby |
it i ﬁ&*ﬁg} ¢
und
[3.6.23]

&ﬁ&ﬁg“ﬁ%ﬁﬁ )
ﬁm “i"ﬁﬁ“*ﬁ{;”}‘{?b“

?}“ﬁb -
4. Verfahren nach Anspruch 3, das ferner folgenden Schritt umfasst:

[3.6.3] Entwickeln einer Schatzung eines Abstandes zwischen A und B als Funktion von 7}.

5. Asymmetrische Zwei-Wege-Entfernungsschaltung, die dafiir konfiguriert ist, ein Verfahren eines beliebigen An-
spruchs durchzuflhren.

6. Drahtloser Empfanger, der eine asymmetrische Zwei-Wege-Entfernungsschaltung nach Anspruch 5 umfasst.

7. Drahtloser Sendeempfanger, der einen drahtlosen Empféanger nach Anspruch 6 umfasst.

8. Drahtloses Kommunikationssystem, das einen drahtlosen Sendeempfanger nach Anspruch 7 umfasst.

9. Nicht-transitorisches computerlesbares Medium, das ausfiihrbare Anweisungen umfasst, die, wenn sie in einem
Verarbeitungssystem ausgeflihrt werden, das Verarbeitungssystem veranlassen, alle Schritte eines Verfahrens
nach einem der Anspriiche 1 bis 4 auszufiihren.

Revendications

1. Procédé de télémeétrie bidirectionnelle & deux cotés du type asymétrique utilisant trois messages, P4, P,, et P53, pour
effectuer une paire de mesures de temps de retard de transmission aller et retour entre un premier dispositif, A,
ayantune premiére horloge, C,, etun deuxiéme dispositif, B, ayant une deuxiéme horloge, C,, le procédé comportant

les étapes consistant a :

[1.1] dans A, transmettre P, & un moment sélectionné dans le temps T, par rapporta C ;
[1.2] dans B :

[1.2.1] aprés un temps de vol inconnu, T;, recevoir P4 a un temps T4 par rapport a Cy, ; et
[1.2.2] aprés un premier temps de retard de transmission, D, transmettre P, a untemps T, par rapporta Cy, ;

[1.3] dans A :
[1.3.1] aprés un premier temps de retard de réponse, /A?a, par rapport a T, recevoir P, a un temps T5 par
rapport a C, ; et .
[1.3.2] aprés un deuxiéme temps de retard de transmission, D, transmettre P5 a un temps T, par rapport
ac,;et

[1.4] dans B :

[1.4.1] aprés un deuxiéme temps de retard de réponse, IA?b, par rapport a T,, recevoir P3 a un temps Tg par

12
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rapport a Cy, ; et caractérisé par I'étape consistant &
[1.4.2] développer une estimation, T, de T; en fonction d’'une équation sélectionnée parmi :

[1.4.2.1]
T = :i ﬁ‘aﬁgywﬁ“ﬁ;y’
fa ™ 3 Reaby
[1.4.2.2]
T = iﬂ‘gﬂ@*ﬁﬁﬁg”
*ﬂ} b g“’g%ﬂﬁg
et
[1.4.2.3]

»}”& s ka%f“ﬁﬁf}&
fﬂb ﬁa*ﬁﬁ*%”@‘gg.

Procédé selon la revendication 1, comprenant par ailleurs I'étape consistant a :

[1.4.3] développer une estimation d’'une distance entre A et B en fonction de 7}.

Procédé de télémétrie bidirectionnelle a deux cotés du type asymétrique utilisant quatre messages, P4, P,, P53 et
P4, pour effectuer une paire de mesures de temps de retard de transmission aller et retour entre un premier dispositif,
A, ayant une premiére horloge, C,, et un deuxiéme dispositif, B, ayant une deuxiéme horloge, C,, le procédé

comportant les étapes consistant a:

[3.1] dans A, transmettre P, & un moment sélectionné dans le temps T, par rapporta C ;
[3.2] dans B :

[3.2.1] aprés un temps de vol inconnu, T;, recevoir P4 a un temps T, par rapport a Cy, ; et

[3.2.2] aprés un premiertemps de retard de transmission, Dy, transmettre P, a untemps T, parrapporta C, ;

[3.3] dans A :

[3.3.1] aprés un premier temps de retard de réponse, /A?a, par rapport a T, recevoir P, a un temps T3 par

rapporta Ca;

[3.4] dans B, transmettre P5 & un moment sélectionné dans le temps T, par rapport a C ;
[3.5] dans A :

[3.5.1] aprés un temps de vol inconnu, Ty, recevoir P3 & un teAmps Tg par rapport a C ; et

[3.5.2] aprés un deuxiéme temps de retard de transmission, D, transmettre P, a un temps Tg par rapport

ac,;et

[3.6] dans B :

[3.6.1] aprés un deuxiéme temps de retard de réponse, IA?b, par rapport a T4, recevoir P4 a un temps T, par

rapport a Cy, ; et caractérisé par 'étape consistant &
[3.6.2] développer une estimation, T de T; en fonction d’une équation sélectionnée parmi :

[3.6.2.1]
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1 RaRp~Daly

Tra = 3™ 2,90,
[3.6.2.2]
v}w - E&ﬁéﬁmﬁﬁﬁéf .
b= T Hyely *
et
[3.6.2.3]
fab ﬁﬁ-%ff}a%vﬁgﬁﬁg{

Procédé selon la revendication 3 comprenant par ailleurs I'étape consistant a :
[3.6.3] développer une estimation d’'une distance entre A et B en fonction de 7}.

Circuit de télémétrie bidirectionnelle du type asymétrique configuré pour effectuer le procédé selon I'une quelconque
des revendications précédentes.

Récepteur sans fil comportant un circuit de télémétrie bidirectionnelle du type asymétrique selon la revendication 5.
Emetteur-récepteur sans fil comportant un récepteur sans fil selon la revendication 6.

Systeme de communication sans fil comportant un émetteur-récepteur sans fil selon la revendication 7.
Supportnon transitoire lisible sur ordinateur comprenant des instructions exécutables qui, quand elles sont exécutées

dans un systéme de traitement, amenent le systéme de traitement a effectuer les étapes d’'un procédé selon l'une
quelconque des revendications 1 a 4.
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