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MEDIA DATA SYNCHRONIZATION IN A WIRELESS
NETWORK

RELATED PATENT APPLICATIONS

[0001] The present application claims priority of U.S. Patent Application
No. 11/559,360 filed November 13, 2006 to inventors Celinski et al., titled
MEDIA DATA SYNCHRONIZATION IN A WIRELESS NETWORK,
Docket/Ref. No. GECK101. The contents of U.S. Patent Application

No. 11/559,360 are incorporated herein by reference.

[0002]  The present application also claims benefit of priority of U.S. Provisional
Patent Application No. 60/755,243 filed December 30, 2005 to inventors Celinski
et al., titled MEDIA DATA SYNCHRONIZATION IN A NETWORK

ENVIRONMENT, Docket/Ref. No. GECK101P. The contents of Provisional
Application 60/755,243 are incorporated herein by reference.

FIELD OF THE INVENTION

[0003] The present invention relates to synchronization of media streams for
playback and, in particular, discloses a form of accurate synchronization of

multiple media output streams in an audio visual wireless playback arrangement.

BACKGROUND OF THE INVENTION

[0004]  Wireless networks are becoming increasingly popular. It is often desirable
to provide for accurate playback of multiple audio and visual channels in a
networked environment. In particular, wireless speakers systems are also
becoming increasingly popular, and often multiple audio playback streams are
required. For example, Dolby 5.1 assumes a five Joudspeaker arrangement
surrounding a user. In the playback of multi-channel audio and visual information
over a wireless loudspeaker arrangement, it is important to ensure synchronization
of the multiple channels. Failure to accurately synchronize multi-channel audio

playback will result in the production of unwanted artifacts.
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[0005] Thus it is known that clocks of multimedia devices need to be
synchronized, e.g., with the accuracy of a few microseconds. This is required by

systems playing audio simultaneously from several locations.

[0006] One topology of a wireless media network includes a first device having a
master clock, and one or more other devices having slave clocks. In such a
topology, there is no interaction between slaves. Therefore, the master clock 1s
used independently to synchronize each slave device clock. Therefore, in the
description herein, only the synchronization of a single slave device to the master

1s described.

[0007] A clock, e.g., the master clock might be affected by a low-frequency phase
drift, e.g., a so-called wander that might be due to changes in temperature in the
crystal used for the master clock. One embodiment includes a phase locked loop in

each slave device configured to follow the phase of the master's clock.

[0008] What is needed, e.g., to comply with the relativé time error requirement of
only a few microseconds of error, is a method and apparatus of measuring the time
error or signal phase error with an accuracy of several microseconds. The NTP
protocol (RFC 1305 and 2030) uses a method of measurement that includes
applying a timestamp when an NTP packet is sent and recording the time of
packet's arrival. The round-trip delay is measured by applying this timestamp
inclusion and packet arrival time recording method in both directions, e.g., from a
master to a slave device and back to the master device. The absolute time error
value is estimated. The inventors and others have found that it is very difficult to
achieve a good precision of time error measurement using an NTP-used method in
a wireless network. A typical wireless network has a large and variable latency,
not necessarily symmetric. Such a latency depends on the traffic intensity and

behaves significantly worse than a switched wired Ethernet network.

[0009] The inventors have found that even quite sophisticated methods of
assessing the quality of time error measurements and elimination of bad samples
does not lead to an acceptable solution if the oscillators used in the system are not

very stable.
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[0010] One embodiment also uses an externally source derived clock, e.g., the
clock from a CD player or a DVD player, e.g., a mass-production DVD player's
crystal oscillator. Synchronization requires following changes in a master clock's
frequency, e.g., caused by thermal drift, and the inventors have found that the drift
can have time constants in the order of tens of seconds or minutes rather than
hours. A slow PLL having a phase error transfer function with a low cut-off

frequency is not a suitable solution.

[0011] One embodiment of the present invention provides a maximum time error
value, e.g., an absolute time difference between the master clock and the slave

clock of 20 microseconds.

[0012] A number of synchronized wireless media playback systems have been

proposed.

j0013) US Patent 6,466,832 to Zugert et al. entitled “High quality wireless audio
speakers” disclose a first wireless loudspeaker arrangement using compressed
audio with packet transmission. Multiple redundant packets are sent. The
arrangement of Zugert et al. does not disclose how to provide accurate time

synchronization between output speakers.

[0014] US Patent 5,832,024 to Schotz et al entitled “Digital wireless loudspeaker
system” also discloses a compressed wireless transmission system and uses phased

locked looping to maintain time synchronization.

[0015] United States Patent Application Publication No. US 2004/0252400

discloses multiple media streams using a master node type arrangement.

[0016] Whilst wireless audio media distribution systems are well known, the

accurate synchronization of output devices remains a problem.

SUMMARY OF THE INVENTION

[0017] One embodiment of the invention includes a method at a master device in
an infrastructure network having an access point and client devices, each client
device having a global clock and a local clock, the respective global clocks being

synchronized. Each client device has a global clock and a local clock. The method
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includes reading a master local clock included in the master device to obtain a
master local clock counter value. The method further includes reading a master
global clock included in the master device to obtain a master global clock value
corresponding to the read master local clock counter value. The method further
includes sending data to at least one client device that provides to a receiving
client device data sufficient to determine a relationship between the master local
clock frequency and the corresponding master global clock frequency, such that
each receiving client device that is a playback unit can use the received data, the
local time according to the receiving playback unit’s local clock, and the receiving
playback unit’s global clock value to adjust the slave device’s local clock’s
frequency to synchronize to the master device’s local clock’s frequency, such that
the adjusted local clock provides an adjusted local clock signal that 1s frequency
synchronized to the master device’s local clock. Each receiving playback unit
device mcludes one or more elements operative to provide audio and/or visual

playback.

[0018] In one embodiment, the access point is the master device. In another

embodiment, the master device 1s a client device of the access point.

[0019] One embodiment of the invention includes a method comprising receiving
one or more beacon or probe response frames from an access point master in an
infrastructure network that includes the access point and one or more client
devices. The method includes synchronizing a global clock of a slave device that
1s a client device of the access point to a global clock of a master device that in
one embodiment 1s the access point, and in another embodiment is another client
station. The method further includes receiving data transmitted by the master
device, including data sufficient to determine the difference between a master
local clock counter value obtained by reading a master local clock included in the
master device, and a master global clock value corresponding to the read master
local clock counter value, the master global clock value obtained by reading the
global clock of the master device. The method further includes reading the value
of a client local clock at the time of receipt of the received data, reading the value

of the client global clock at the time of receipt of the received data; and adjusting
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the client device’s local clock frequency to obtain an adjusted client local clock
signal synchronized to the master local clock’s frequency, such that the adjusted
local clock signal is synchronized to the master device’s master local clock,
wherein the client devices each includes elements that provide audio and/or visual

playback capabilities.

[0020} One embodiment of the method further includes determining a signal
indicative of the phase error between the master local clock and the adjusted client
local clock signal; digitally low pass filtering the signal indicative of the phase
error to obtain a digital signal indicative of a filtered phase error; and generating
the adjusted client local clock signal as the output of a signal-controlled oscillator
with the signal indicative of the filtered phase error as input to implements a
digital phased locked loop, such that the adjusted local clock signal is phase
synchronized to the master local clock of the master device. In one embodiment,

the digital phase locked loop is a Type 2, second order digital phase locked loop.

[0021] One embodiment of the invention includes a method of providing localized
synchronization of a node of an infrastructure network to a set of nodes of the
infrastructure network. The method includes: reading a current value for a global
time function, the function being regularly transmitted over the infrastructure
network; reading a local clock counter value of a clock provided internally to the
network node; computing a current node local ratio given by the change in a local
clock counter divided by a corresponding change in a global clock counter:;
recelving corresponding network local ratio values determinative of other nodes in
the network; and adjusting the local clock speed depending on a comparison with
the network local ratio values and the current node local ratio value. The node

includes elements that provide audio and/or visual playback capabilities.

[0022]  One embodiment of the invention includes a method of providing rate
synchronization. The method includes a node of an infrastructure network using an
internal local clock counter having a local clock speed and accessing a global
transmittéd time function. In one embodiment, the node includes a loudspeaker for
audio playback. The method includes, at predetermined times, the node computing

a local ratio given by the change in local clock counter divided by a corresponding
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change in global clock counter. The method further includes the node exchanging
its local ratio with one or more other nodes; the node averaging the local ratios of
the other nodes to produce an average local ratio; and the node adjusting its local

clock speed depending on the comparison between its local ratio and the average

local ratio.

[0023] One embodiment of the invention includes a method at a master device
coupled to a digital audio source device that is operable to deliver audio data to the
master device at a source device rate. The method includes sending beacon or
probe response frames to enable at least one a client device that has a global clock
and a local clock to synchronize its global clock; deriving a first rate relative to the
rate of master local clock included in the master device, the first rate being the
source device rate relative to the master device’s master local clock rate: adjusting
the master local clock rate depending on the relative differences in the first rate
and the master local clock rate; reading the master local clock to obtain a master
local clock counter value; reading a master global clock included in the master
device to obtain a master global clock value corresponding to the read master local
clock counter value; and sending data to at least one client device that provides to
a rece1ving client device data sufficient to determine the difference between the
master local clock reading and the corresponding master global clock reading,
such that each receiving playback unit can use the received data, the time of
receipt of the received data according to the receiving playback unit’s local clock,
and the receiving playback unit’s local global clock reading at the time of receipt
of the data to adjust the client device’s local clock frequency to synchronize to the
master’s local clock’s frequency, and hence to the source device rate, such that the
adjusted local clock is synchronized to the source device rate. The client device

includes a loudspeaker and is operable to playback audio through the loudspeaker.

[0024] One embodiment of the invention includes an apparatus comprising a
master global clock and a transceiver coupled to the master global clock. In one
embodiment, the apparatus is operable as an access point of an infrastructure
network and further operable to send a beacon or a probe response frame, such

that a client device that has a slave global clock can synchronize its slave global
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clock to the master global clock. In another embodiment the apparéttus is a master
client device of an access point. The apparatus includes a master local clock
configured to provide a master local clock counter value when read; and logic
coupled to the transceiver, master local clock, and master global clock configured
to cause the master global clock to read when the master local clock is read to
provide a corresponding master global clock value, the logic further configured to
cause the transceiver to send data to at least one slave device, the data sufficient
for a recelving slave device to determine the difference between the master local
clock reading and the corresponding master global clock reading, such that each
recerving playback unit can use the received data, the time of receipt of the
received data according to the receiving playback unit’s local clock, and the
receiving playback unit’s local global reading at the time of receipt of the data to
adjust the slave device’s local clock’s frequency to synchronize to the masters
local clock’s frequency, such that the adjusted local clock is synchronized to the
master’s local clock. The receiving slave device includes a loudspeaker and is

operable to playback audio through the loudspeaker.

[0025] One embodiment of the invention includes an apparatus comprising a
global clock and a transceiver coupled to the global clock, operable to be a client
device of an access point of an infrastructure network, further operable to receive
one or more beacon or probe response frames from a master device of the network
that in one embodiment is the access point, and in another embodiment is a client
station of the access point. The apparatus is operable to synchronize the global
clock to a master global clock of the master device. The apparatus further includes
a local clock and logic coupled to the transceiver, the global clock, and the local
clock operable to receive, via the transceiver, data transmitted by the master
device, including data sufficient to determine the difference between a master
local clock counter value obtained by reading a master local clock included in the
master device, and a master global clock value corresponding to the read master
local clock counter value, the master global clock value obtained by reading the
global clock of the master device, the logic further operable to read the value of a

client local clock at the time of receipt of the received data, read the value of the
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client global clock at the time of receipt of the received data; and _adj ust the client
device’s local clock frequency to obtain an adjusted client local clock signal

synchronized to the master local clock, such that the adjusted local clock signal is

synchronized to the master device’s master local clock.

[0026] [n one embodiment, the apparatus further includes an amplifier coupled to

the transceiver and operative to amplify an audio signal for playback through a

loudspeaker.

[0027] In one embodiment, the apparatus further includes a digital phase locked
loop.

[0028]  In one embodiment, the apparatus further includes video playback

capabilities, such that the audio and video are played back synchronously across

multiple devices in a network.

[0029] Particular embodiments may provide all, some, or none of these aspects,
features, or advantages. Particular embodiments may provide one or more other
aspects, teatures, or advantages, one or more of which may be readily apparent to

a person skilled in the art from the drawings, descriptions, and claims herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] Embodiments of the present invention will now be described with

reference to the accompanying drawings in which:

[0031] FIG. 1 shows a simple block diagram of an example infrastructure network

for media stream playback that includes one or more embodiments of the present

ivention.

[0032]  FIG. 2 shows a simple flowchart of a component playback unit that

includes an embodiment of the invention.

[0033]  FIG. 3 is a flowchart of one method embodiment operating at a master

playback unit that is also an access point.

[0034]  FIG. 4 is a flowchart of one method embodiment operating at a slave
playback unit.
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[0038]  FIG. S illustrates aspects of how one method of synchronizaﬁon between a

slave playback unit and one or more slave playback units operates.

[0036] FIG. 6 shows a simple functional block diagram of an embodiment of a

digital phase locked loop according to one or more aspects of the present

1mvention.

[0037] FIG. 7 shows a simulation of the gain of an embodiment of the digital
phase locked loop of FIG. 6 as a function of jitter’s frequency in the “j-omega”

domain.

[0038] FIG. 8 shows a flowchart of an embodiment of legacy synchronization

carried out at the master device that includes one or more aspects of the present

invention.

[0039] F1G. 9 shows a simple block diagram an alternate example infrastructure

network for media stream playback that includes one or more embodiments of the

present invention.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[0040] One embodiment is designed to provide a wireless audio playback
arrangement wherein the audio emissions from a set of playback transducers, e.g.,

loudspeakers, are accurately synchronized across a common time base.

[0041]  Turning mitially to FIG. 1, there is illustrated schematically an
infrastructure network for audio playback, e.g., a wireless network that includes
embodiments of the present invention. A listener 102 is located in an audio
playback environment having a set of wireless audio component playback units
103-107. Each playback unit includes a playback transducer, e.g., a loudspeaker,
and 1s designed to play back one or more components (channels) of a multi-

channel audio stream that, in one example, is a five channel audio stream. Of

course other embodiments include fewer or more channels for playback. One such

alternate embodiment includes a pair of component playback units for stereo
playback. Another embodiment includes seven component playback units for 7.1

surround playback. Yet another embodiment includes a plurality of sets of one or
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more component playback units, each set for playback of the same audio, e.g.,
synchronously. This might be useful, for example, in a large space where there are

several 1dentical audio-visual presentations playing simultaneously.

[0042]  In the example shown, in use, the component playback unit 103 plays back
a rear left channel, the unit 104 plays back a rigﬁt rear channel, the unit 105 plays
back a front left channel, the component 106 plays back a front center channel and
the component 107 plays back a frbnt:right channel. In the example illustrated,
there also is a video signal, e.g., a video game simultaneously played back on a

video output unit 108.

[0043] Each component playback system includes a wireless interface, e.g.,
conforming to the IEEE 802.11 standard. In one embodiment, the wireless
network includes an access point. In the example shown in FIG. 1, one of the
component playback units, e.g., center channel playback unit 106 is the access
point. FIG. 9 shows an alternate arrangement that includes a separate access point
901, and all playback units 103-107, including the master device are client

stations.

[0044] Turning now to FIG. 2, there is illustrated an example component playback
unit 200. The playback unit 200 includes a wireless interface that includes an
antenna subsystem 211, which is connected to a wireless network transceiver unit
212 that implements a wireless station, e.g., one conforming to the IEEE 802.11
wireless network standard. In one embodiment, transceiver 212 includes a
standard con:uﬁercial IEEE 602.11 chipset from Atheros Communications, Inc.
Several alternate standard IEEE 802.11 chipsets are available and can be used
instead of the Atheros chipsét. The wireless transceiver unit 212 is coupled to a
microcontroller 213 that in one embodiment is a DSP device and that runs
programs on the playback unit 200. In one embodiment, the microcontroller 213 is
arranged to run programs under an operating system, e.g., a Linux operating
system, and includes a PowerPC core. The operating system and other programs
231, including programs that implement one or more of the method embodiments
of the invention, can be stored in a memory 215. Although such details are not

shown in FIG. 2, in order not to obscure the inventive aspects, those in the art will
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understand that some of the signal wires of microcontroller 213, of memory 215,

and of wireless transceiver 212 are coupled to each other via a bus subsystem.

[0045] The playback unit 200 is arranged to receive audio streams, such as
compressed MPEG audio streams or uncompressed audio streams, which are then
converted (“rendered”) by the microcontroller 213 and other components to a form

a set of digital samples for output. These can conform to the standard I12S format,

or in any other form.

[0046]  The digital audio samples are to a digital-to-analog converter (DAC) 228
for analog conversion before output via an audio amplifier 229 to at least one

loudspeaker 214. A clock signal input is generated by clock control logic 220 and
passed to the DAC 228 via a clock divider 227.

[0047] One embodiment of the clock control logic 220 includes clock
synchronization logic 221 including at least a part implemented in one
embodiment as an FPGA, and a clock generator 225 that includes a signal
controlled oscillator (SCO) coupled to and controlling a crystal oscillator-based
clock. In one embodiment, the clock control logic 220 is implemented partly in
software, e.g., software in 231 in memory 215 executing on the microcontroller
213, and partly in the clock synchronization logic 221. The clock generator 225, in
one embodiment provides clocking in the range of 8OMHz. In one embodiment,
the clock rate of the clock generator 225 is adjustable using the SCO under control
of the clock control logic 220, including in one embodiment, software executing in
microcontroller 213. The clock control logic 220 includes a clock value to provide

a local clock signal 222.

[0048] Operation of the clock control logic 220 to synchronize the local clock is

described in more detail below.

[0049]  According to one embodiment of the invention, one of the component
playback units is a master device whose local clock signal 222 is the master, and
the other component playback units are slave devices whose respective local clock
signal 222 1s to be synchronized to the master’s clock. The clock signal 222, in the

case that playback unit 200 is a slave device, provides slave clock value whose



CA 02635293 2008-06-26
WO 2007/076575 PCT/AU2006/001957

12
frequency and in one embodiment phase are synchronized to a master control
clock’s frequency and in one embodiment, phase. In one embodiment, the clock
control logic 220 also implements, e.g., in combination with the microcontroller
213 and under control of a program 231 in memory 215, additional functionality
including an event scheduler 223. The event scheduler 223 1s shown as a separate
block, and those in the art will understand that the block 223 is implemented by

the clock control lo gié 220 in combination with the microcontroller 213.

[0050] One example environment shown in FIG. 9 includes a separate access
point. In one such an embodiment, the master device 1s also a client device, and 1S
selected randomly by a selection process. In another embodiment, the master
device is pre-defined, e.g., to be the center front playback unit 106. In the case that
one of the component units is also the access point, that access point also is the

master device.

t0051] For the remainder of this description, the master device is assumed to be
the front center audio unit 106. It also is assumed without loss of generality, that
audio unit 106 not only acts as the master, but also as the access point of an
infrastructure wireless network that includes audio units 103, 104, 105, and 107 as
client devices. The master device 106 and each client device is assumed to have an

architecture such as that of unit 200 shown in FIG. 2.

[0052] Turning again to FIG. 1, in one embodiment, the wireless network
arrangement provides for communicating using a standard network protocol. In
particular, TCP/IP based network protocol is used for communicating over the
wireless network for distribution of the audio stream to each of units 103—-107 and,
in one embodiment that includes video, to video unit 108. In one embodiment, one
of the audio units 103—107, or video unit 108, e.g., in one embodiment, the center
front audio unit 106 acts as a wireless access point, while the other audio units
103, 104, 105, 107 and video unit 108 are wireless client devices of the access
point unit, e.g., unit 106. In one embodiment, playback unit 106 also functions as a
server sourcing the content, and distributes an audio content stream 1n a packet
format to each of the client devices 103, 104, 105, 107. Each audio unit thatis a

client device is configured to render its appropriate audio stream.
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[0053] In one embodiment, a legacy source device 111 of digital media data, such
as a DVD player or a CD player is included. The legacy source device 111
includes a clock 113, and is connected to the master playback unit. As described
herein, one aspect of the invention is causing playback via the component

playback units 103—107 to be synchronized with the legacy source device’s clock
113.

[0054] In one embodiment, synchronization is provided in a TCP/IP network in

the following areas:

[0055] e Rate synchronization: the rate at which each receiving client playback
unit 103, 104, 105, 107 containing a loudspeaker and receiving
streamed data converts digital audio samples into analog audio must be
the same, within a tolerance, across all receiving client playback units
103, 104, 105, 107 containing a loudspeaker, in order to ensure there is
no relative lead/lag between the receiving units containing a

loudspeaker.

[0056] e LEvent synchronization: ensuring that events such as start/stop/pause all
occur at the same time, within a tolerance, across all audio and/or video

playback units in the wireless network 100.

[0057] ® Legacy synchronization: What we call a legacy audio source device
includes such digital audio source devices as CD players or DVD
players to provide digital audio input for playback. FIG. 1 shows one
legacy source device 111 connected to the component playback unit
106. A legacy audio source device such as source device 111 outputs
digital audio over a digital connection. In one embodiment, the digital
audio 1s in SPDIF format. In one embodiment, the master device, e.g.,
playback unit 106 that also acts as an access point accepts digital audio
from the legacy audio source device 111 over a digital connection. That
legacy audio source device includes a clock 113 that dictates the rate at
which the digital audio samples are transferred. In the embodiment that

outputs in the SPDIF format, the rate in the SPDIF format is dictated
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by the clock 113. The master component playbéck unit 106 that is also
an access point, and the client slave component playback units 103,
104, 105, 107 must be able to ensure that the rate at which each
receiving unit containing a loudspeaker converts digital audio samples
into analog audio is the same as the rate dictated by clock 113 at which

the data is being delivered by the legacy audio source device.

[0058]  In one embodiment, accurate clocking is provided so as to provide a global
time reference. For this, the time synclﬁonization function (““T'SF”) provided in
~accordance with the 802.11 standard is used. TSF is implemented as part of the
standard IEEE 802.11 chip sets such as the Atheros 802.11 chip set and is readable
from a register within the chipset. In the component playback unit 200 of FIG. 2,
the TSF count is shown as TSF count 230.

[0059] The TSF function as provided by the chip set provides a global network
time value accurate to +/-2 microseconds. However, the TSF by itself cannot

directly provide clocks suitable for use by audio-visual devices.

[0060] In one embodiment, the clock control logic 220, e.g., using the
combination of the microcontroller 213 executing software and the
synchronization logic 221 implements digital frequency adjustment logic to
produce a clock signal, e.g., a clock value 222 that is frequency accurate. In one
embodiment, the clock control logic 220, e. g.; using the combination of the
microcontroller 213 executing software and the synchronization logic also
implements a digital phase locked loop within clock control logic 220 to generate
a phase accurate clock signal, e.g., clock value 222. In one embodiment, the clock
control logic 220 provides an internal fast local counter 222 as the clock signal.
Both the frequency adjustment logic and the phase lock loop use the same clock

generator 225 including an SCO and a crystal controlled clock.

[0061]  In one embodiment, the clock control logic 220 is arranged to determine
the rate at which local crystal oscillators are running in relation to the global clock

reference for the wireless network, as provided by the IEEE 802.11 TSF.
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[0062] For the remainder of this description, the master device is assumed to be
the front center audio unit 106. Audio unit 106 not only acts as the master, but also
as the access point of an infrastructure wireless network that includes audio units
103, 104, 105, and 107 as client devices. The master device 106 and each client

device is assumed to have an architecture such as that of unit 200 shown in FIG. 2.

- [0063] The access point and each client device, e.g., stations, e.g., audio units 103,
104, 105, and 107 in the IEEE 802.11 infrastructure network includes a MAC that
provides a Time Synchronization Function (TSF), which includes a local TSF
counter that is automatically incremented by the MAC module of the IEEE 802.11
node. In the embodiment shown in FIG. 2, the local TSF counter is shown in the
IEEE 802.11 transceiver, e.g., the IEEE 802.11 chipset 212 as TSF count 230. The
access point, e.g., audio unit 106 of FIG. 1 of the infrastructure network, or in the
alternate arrangement shown in FIG. 9, unit 901 broadcasts beacon frames and
sends probe response frames that cause synchronization of all the TSF counters in
the client devices as a result of the stations receiving the beacon and probe
response frames. Other wireless networks also include a similar function to
synchronize clocks. The resolution of an IEEE 802,11 TSF counter is one
microsecond and the values of the TSF counters at all the nodes belonging to the
same access point should be the same or almost the same at any given time since
all the TSF clocks tick synchronously. The IEEE 802.11 standard specifies a

maximum relative error value of 4us, e.g., +2us between TSF counters for a

wireless network running in the infrastructure mode. The inventors have found
experimentally that with typical commercial IEEE 802.11 transceiver chipsets, the
precision of most of the readings of the TSF counter was about one microsecond.
While the overall stability of an access point's crystal clock, e.g., cloc;k generator
225 1n the unit of FIG. 2, driving the beacon sending mechanism, and thus TSF
counters of all client devices may not be very good in the long term, over a short

time, the mventors have found TSF counters to offer a good relatively precise

source device of timing information.

[0064]  One embodiment of the present invention includes adjusting the signal into

the signal control oscillator (SCO) of the clock generator 225 so that the reading of
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the local slave clock, e.g., clock value 222 of the clock control logic 220 of the
audio unit 200 shown in FIG. 2 when used 1n one of slave units 103, 104, 1035, or
107, based on knowing or determining the wireless network and processing delay
of a master device’s clock value denoted master local_clock read by and
received from the master device via the wireless network, such that the adjusted
local slave clock frequency is synchronized with the master device’s clock

frequency.

[0065] Each IEEE client device 103, 104, 105, or 107, and the master device 106
provides the TSF function in the form of a TSF counter. Each device further
includes a local clock, e.g., for devices that have the architecture 200 of FIG. 2,
clock value 222.

[0066] FIG. 3 shows a flowchart of one method embodiment 300 operating in the
master device such as device 200 that in one embodiment is in playback unit 106.

In one embodiment, the master device is also the IEEE 802.11 access point.

[0067] In 301, the method includes the access point, e.g., master device 106
regularly, although not necessarily in a periodic fashion, sending beacon frames to
enable client stations to synchronize their TSF counts. 301 also includes the
master device 106 optionally sending one or more probe response frames in

response to receiving a corresponding probe request frame.

[0068] In the alternate arrangement of a separate access point, 301 is replaced by
the master device 106 being a client device of the access point and receiving one
or more beacon frames or probe response frames from the access point to

synchronize its TSF count.

[0069] In 303, the method 300 reads the master’s local clock counter value, e.g.,
from the clock value 222 of the clock control unit 220 and denoted
master local clock herein. In 305, when the value master local clock
is obtained, the master device 106 reads the master’s TSF value at the master
device’s IEEE 802.11 transceiver 212 to independently mark the time at which the

master local clock is read. Denote this TSF value as TSF master reading.
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[0070] Thus, when the master local clock isread in 303, the master
device’s TSF is read in 305, so that a pair of (mas ter;local_clock,
TSF_master reading) values is generated. In 307, the master transmits this
data over the wireless network 100, such that each receiving playback unit can use
the received data, the relationship of the receiving playback unit’s local clock and
the recéiving playback unit’slocal TSF reading to adjust its local clock frequency
to synchronize its local clock frequency to the master device’s local clock’s
frequency, such that the adjusted local clock is usable for the DAC and other

synchronization requirements.

[0071] In one embodiment, the master device broadcasts or multicasts to all the
slave devices a new type of broadcast or multicast packet, e.g., a UDP packet that
includes the timing information. In another embodiment, an unicast packet is sent

~ individually to all the slave deviées over separate unicast-based channels, such that
slave devices can receive the pai'rs (master local clock,
TSF_master_ reading). In either case, in one embodiment, the information is
broadcast, multicast, or unicast regularly. In one embodiment, this is every
100 ms. In one embodiment, the data is sent at the same rate as beacon frames are
broadcast by the master device functioning as the access point. In one
embodiment, the information is sent as a new information element (IE), called a
time synchronization IE, in each beacon frame broadcast from master device 106
functioning as the access point, and in each probe response sent by the master
device 106. Thus, according to that embodiment, the sending of 303 is at the same

time as the broadcasting of a beacon frame in 301.

[0072] In one embodiment, the nominal frequency (in MHz) of the master

device’s local clock, denoted f;, ., is measured at the master device and also sent

from time to time, in the broadcast or multicast that contained the

(master local clock, TSF master reading) pair.

[0073] FIG. 4 shows a simplified flowchart of a method embodiment 400
operating at a client device, e.g., client device 103 acting as a slave device. The

method 1s implemented, e.g., as software in the memory of the client device, e.g.,
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memory 215 in the case the client device 106 follows the architecture 200 of
FIG. 2. In one embodiment, some of the method of 400 is implemented by the
clock control logic 220 as a combination of software executing in the

microcontroller and logic in the clock synchronization logic 221.

[0074] In 401 the slave device receives one or more beacon frames or probe
response frames sent by the access point, €.g., master device 106 in the
arrangement of FIG. 1, or the access point 901 in the example arrangement of
FIG. 9, and synchronizes its local TSF, e.g., local TSF count 230 in the case the
client has the architecture shown in FIG. 2.

- [0075] In 403 the slave device 103 receives data sent by the master device 106
indicative of a master clock count and the corresponding value of the master TSF
counter. In one embodiment, in 403, the slave device receives a pair of values
(master local clock, TSF master reading) from the master device. In
one embodiment, these are in a new type of broadcast or multicast packet, e.g., a
UDP packet. In another embodiment, these are in a unicast or multicast packet. In
yet another embodiment, the pair of values are in a time synchronization IE in a
beacon frame from the master device 106 such that the receiving of 303 is the

same as the receiving of 301.

[0076]  In one embodiment, {,. the nominal frequency of the master device’s

local clock, is also received from time to time from the master device.

[0077] As described above, the client device includes a local clock, e.g., for a
playback unit architecture such as that of FIG. 2, the local clock 222, that is used,
for example, for timing the conversion by the digital-to-analog converter 228. In
one embodiment, at some time after reception of the master device’s timing data,
1n 403, the slave device reads its local clock counter value. In another
embodiment, the reading is as close as possible to the time of i;*eception. Denote

this clock as slave local_clock. In one embodiment, the slave device 103 in

407 also reads its TSF counter, denoted TSF slave reading at the same time.

[0078]  In order to achieve sufficient accuracy, the inventors have found that is

advantageous that the operation of reading the slave device’s local clock and the
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slave device’s TSF counter be uninterruptible, e.g., with interrupts disabled so that

the two readings are assured to be close together in time.

[0079]  Using the received timing data from the master device, and the observed
values of slave local clock and TSF slave reading, the slave device is
able to calculate the frequency difference between ifs local clock counter
frequency and the master device’s local clock counter frequency. The slave device
can thus adjust its local clock frequency accordingly so that the frequency is

synchronized to the master’s local clock frequency.

[0080] In particular, in 409, the client device determines a value indicative of the
frequency difference between master local and slave local clock to determine a

signal to use to adjust the local clock frequency.

[0081] In one embodiment, 409 includes determining an estimated counter value

of the master local clock at the time when the slave device reads its local clock
counter, denoted by Estimated master local clock. In one embodiment

this 1s obtained by interpolation according to the operations illustrated in FIG. 5

and described by:

[0082] Estimated master local clock =master local clock +

(ISF_slave reading— TSF master reading )*f .

[0083]  Where 1, denotes the nominal frequency (in MHz) of the master

device’s local clock.

[0084] Given these calculated values, the slave device makes appropriate
adjustments to modify its local clock’s frequency. In one embodiment, the method
uses two different techniques to achieve this, and thus the frequency correction
operates in two modes: a first mode including using frequency adjustment logic
and a second mode that includes using a phase locked loop. Initially, the method is
in the first mode. When a quantity indicative of the average measured frequency
error between the slave local clock and the master local clock is sufficiently small,

the method switches to the second mode using the phase locked loop.
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[0085] Both modes use the signal-controlled oscillator of the clock generator 225
to adjust the clock frequency of the clock in the clock generator 225. One

embodiment includes a signal-controlled oscillator that has an adjustment range of

+100 parts per million of nominal frequency of the crystal, divided into 65535
discrete input control steps. In a particular, one embodiment includes an SCO with
16-bit input converted into a pulse width modulated signal used to drive the crystal
clock of the clock generator 225.

[0086]  In the first mode, because the difference between the frequency of the
master local clock and the frequency of the slave local clock may be relatively
large, correspondingly large corrections to the local clock’s frequency may be
needed. The first mode using frequency adjustment logic can provide relatively
large corrections to the local clock’s frequency, after which, when an average of
the difference between the master local clock’s frequency and the slave local
clock’s frequency is sufficiently small, the system switches operating modes to the

second mode using a phase locked loop.

[0087] The first mode is now described in more detail. In one embodiment, from
time to time, but not necessarily periodically, after a slave device in 403 receives a
packet transmitted by the master device containing master clock information as
described above, the slave device in 409 calculates the ratio between the master
global clock counter and master local clock counter, representing the relative
tfrequency of the master device's local clock with respect to the global time. In 405
and 407, the slave device reads its local clock counter and local global time
counter 1n order to calculate a local ratio of global clock frequency to local clock’s
tfrequency. The two clock ratios are compared in 409, resulting in a calculated
difference between the two ratios, and in effect, the differencé between the slave

local clock’s frequency and the master local clock’s frequency.

[0088] The clock control logic 220 uses the calculated difference between the
slave local clock’s frequency and the master local clock’s frequency, to form the
signal into the SCO of the clock generator 225 to adjust the local clock’s
frequency such that the local clock’s frequency becomes synchronized over time

with the master local clock’s frequency. In one embodiment, in the fist mode, the
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control signal input to the signal controlled oscillator determined by the clock
control logic 220 that in the first mode implements frequency adjustment lo gicis a

function of the average frequency error.

[0089] One embodiment attempts to force the clock frequency according to an

absolute calculated frequency error.

[0090] In one alternate embodiment, rather than attempting to force the clock
according to an absolute calculated frequency error, the clock control logic 220 in
the first mode implementing frequency adjustment logic makes relatively small
correction steps. Several such steps may be necessary. While this has the effect of
taking a longer time to achieve synchronization than if larger steps are used, such
an embodiment allows erroneous reédings to be filtered out, and avoids frequency
adjustment overshoots. Thus, one embodiment includes filtering out erroneous
measurements. One embodiment includes from time to take taking adjustment
steps that are the smallest possible adjustment provided by the clock control

circuit.

J0091] In one embodiment, while in the first mode, the clock control circuit
calculates the clock error and scales the calculated clock error by a large fraction
of the clock control circuit's range, which is then progressively reduced. In one
embodiment, an initial maximum step of 2000 of the range of 65535 steps 1s used,
and in successive iterations, the maximum step is reduced by a pre-defined scaling
factor. To allow larger steps for larger error values, errors greater than certain
threshold levels are treated differently. This allows large errors to be corrected by
large steps because they are more likely to represent real frequency errors,
whereas in normal operation, smaller errors which are often due more to

measurement error rather than any actual frequency difference are filtered out.

[0092] In one embodiment, the initial adjustment process of the frequency
adjustment logic is implemented as a binary search such that initially, a large
correction step is taken, and then on successive iterations, frequency correction
steps of half the magnitude of the previous step are taken in order to minimize the

measured frequency error, down to a lower minimum step size.
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[0093] One embodiment of this frequency adjustment logic and the method it
implements further include calculating a moving average of the last few time data
samples, e.g., the last N data samples, where N is a small integer. One
embodiment also includes calculating a weighted moving average of the last N

samples. One embodiment also includes determining a trimmed mean.

[0094] In one embodiment, the TSF counter on both master and slave devices’ 1s
updated every microsecond. Recall that an estimated counter value of the master
local clock at the time when the slave device reads its local clock counter, denoted
by Estimated master local clock, is in onembodiment is obtained by

interpolation according to the operations illustrated in FIG. 5 and described by:

[0095] Estimated master local clock =master local clock+

(TSF_slave reading— TSF master reading )*I, .k

[0096]  where £, denotes the nominal frequency (in MHz) of the master
device’s local clock. In one embodiment, f.;,. 1s measured on the master device,

and transferred to the slave devices within the synchronization data packet.

[0097] In the second mode, in the case the average frequency error is below a pre-

determined threshold, the method includes in 411 implementing a phase lock loop.
- The phase lock loop includes using the Estimated master local clock
determined as described above to determine timing or phase error from the clock

generated by the clock generator 225 as the output of a signal controller oscillator.
An error is generated, the error is low-passed filtered to form a low pass filter

error, and the low pass filter error is used to form a drive signal for the signal

controller oscillator of the clock generator 225. Thus, in the second mode, the
clock control logic 220 implements a digital phase locked loop that produces a

local clock signal that is phase synchronized to the master clock.

[0098] As shown in FIG. 5, the time error value denoted Time error, assumed

to be a relatively small value, i1s:

[0099] Time error=(slave_local clock + Initial offset) —

Estimated_mas ter_local_clock
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[00100] where Initial offset is the difference between the master local clock
counter and the slave local clock counter calculated at the start of the

synchronization process.

[00101] The phase error denote Phase error and scaled in radians is:
[00102] Phase_error=2*n*Time error.

[00103] The phase error is used in the phase locked loop of the second mode. The
phase locked loop is arranged to cause the phase of the slave device’s local clock,

e.g., the device’s clock value 222 for an architecture such as FIG. 2, to follow the

phase of the master device’s local clock mas ter local clock.

[00104]  FIG. 6 shows a simple functional block diagram of an embodiment of a
digital phase locked loop 600 implemented in the slave device, e. g., slave device
103. An error determiner, e.g., a phase error determiner 621 determines the phase
error between the slave local clock and the adjusted master local clock using input
from received packets, the packets received via a wireless network 605 and
including timing information from the master device related to the master clock
reading 611 and the master device’s TSF value 613 at the time the master clock is
read. In one embodiment, ’ghe phase error detérminer 621 receives a master clock
reading and a master TSF reading in one or more received packets sent from the
master device over the wireless network, and also uses the slave device’s TSF
value 615. In one embodiment, a signal indicative of the phase error is determined

as described above from the time error.

[00105] The signal indicative of the phase error is low pass filtered by a low pass
filter 623, e.g., a digital low pass filter to obtain a digital signal 619 indicative of a
filtered phase error. The signal indicative of the filtered phase error is used as the
control signal to drive a digital signal-controlled oscillator 625 to generate the

local clock signal 617 as the output of the signal-controlled oscillator.

[00106] In one embodiment, the digital phase locked loop is a Type 2, second order
digital phase locked loop.
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(2C(Dns+c‘)n2)
2

00115] K(s) =

% +2Em 5+0

[00116] where C 1s a damping factor is equal to:
[00117] C:-%VKT

[00118] and o, isthe natural pulsatation given by:

[00119] mn — "-"-j_-"

[00120] and the gain K is:

[00121] K=K,KyA

[00122] The inventors have found that for good performance, the damping factor

must not be too small, e.g., £ > 0.7 . In one embodiment a value £ =1.00 1s used.

T 1n one embodiment is chosen to be 100s, and K 1s 0.04. In this case, o, =

0.02 rad/s, equivalent to 3.18 MHz.

[00123] FIG. 7 shows a simulation of the digital PLLL 600’s gain as a function of
jitter’s frequency in the “j-omega” domain. The simulation has included a low
pass analog filter implemented at the output of the D/A converter with a double

pole at 0.5 radians/s.

[00124] In one embodiment, the low pass filter 1s implemented as an infinite

impulse response digital filter in the software in the memory.

[00125] Guiven that the local clocks have been synchronized using the above
described methods, one embodiment of the invention includes ensuring that media
events such as start / stop / pause are coordinated across the network and occur at
the same time, within a tolerance, across all audio and/or video playback units 1n

the wireless network.

[00126] When an event 1s required to be coordinated with all other devices in the

network, the master device must send a network message containing a value of the
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[00107] Thus, returning to the flowchart of method 400, one embo dimént includes
in 411, determining the time error or phase error from the output of a signal-
controlled oscillator having a signal input terminal, low-pass filtering the phase or
timing filter error, and using it to drive signal input terminal of the signal-
controlled oscillator to implement a digital phase locked loop that produces an

adjusted local clock signal that is phase synchronized to the master local clock.

[00108] Returning to FIG. 6, denote by G(is) the analog version of the phase

transfer function of the low pass filter 623 and the signal controller oscillator 625
combined. In the embodiment shown in FIG. 6, there is no frequency divider in

the loop, so that the open loop response is G(s).

[00109] By a lype 2 second order phase locked loop 1s meant a phase locked loop

that has an open loop response with a transfer function of the form:

o110] G(s) =—=

[00111] By Type 2 1s meant that the open loop response contains a double pole at 0

- and a negative real zero. The open loop transfer function G(s)includes the

response (gain) of the phase determiner 621, denoted as gain K, the transter

function of the low pass filter denoted K¢(s) and the transfer function of the

signal controller oscillator 625. Now, since the transfer function of the signal-

: K
controlled oscillator has the format of —-, where K, denotes a constant,

S

Kf (S) 1S:

A(s+-,}-,)

S

001121 Kg(s) =

[00113] where A is the gain of the filter and T is the time constant of the low pass
filter.

[00114]  The closed loop transfer function for the phase may hence be written as:
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global time counter that represents a time a certain length of time into the future.
Upon reception of this message at a slave device, the slave device needs to
calculate the equivalent value of its local clock counter value corresponding to the
global clock counter of the message. This is performed with reference to the
calculated relationship between the slave local clock’s frequency and the slave

global clock frequency.

[00127]  One embodiment of the invention includes legacy synchronization.
Referring again to FIG. 1, in one embodiment, the master device, e.g., playback
unit 106 that also acts as an access point and accepts digital audio from a source
device, e.g., a legacy audio source device 111 over a digital connection. That
legacy audio source device 111 includes a clock 113 that dictates the sampling rate
for the digital audio samples out of the source device. In one embodiment, the
digital output of the digital audio source device is in SPDIF format, and the
clocking rate of the legacy source device is derived from the SPDIF format signal.
The master component playback unit 106 that is also an access point, and the
client slave component playback units 103, 104, 105, 107 must be able to ensure
that the rate at which each receiving unit containing a loudspeaker converts di gital
audio samples into analo g audio is the same as the rate of the data delivered by the

legacy audio source device, e.g., the rate delivered from the SPDIF format.

[00128] FIG. 8 illustrates one process of legacy synchronization carried out at the
master device, e.g., playback unit 106. The master device accepts as input data
from the legacy device 111, and monitors in 851 the rate of the data delivered
from the legacy device 111, e.g., the rate dictated for a signal from clock 113, e.g.,
the rate derived from the data in the case the source device provides data in SPDIF
tormat. In 852 the master device adjusts its local master clock’s rate (and phase)

to align with that of the legacy source device clock 113.

[00129] Now that the rate (and phase) of the master’s clock are aligned with that of
the legacy source device, in one embodiment, the master device communicates its
rate to slave devices in order for the slave device to maintain the same rate as the
clock. In one embodiment, in 853, the master device follows the process shown in

the flowchart of FIG. 3 and described above to cause the local clocks of each
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component playback unit to synchronize with the master local clock, and hence
the leéacy device’s clock. Each component playback unit follows the process
shown in the flowchart of FIG. 4 and described above to synchronize the local
clock of each audio playback device to the master device’s local clock, and hence

with the legacy device’s clock.

[00130] One legacy synchronization method includes deriving a first rate relative to
the rate of an internal clock in a first node of a wireless network. In this
embodiment, the first node is coupled to a digital audio source device delivering
data at a source device rate. The method includes the first node adjusting its local
clock counter rate depending on the relative differences in the first data rate and
the internal clock counter rate. The method further includes the first node
calculating a first local ratio given by the change in a local clock counter relative
to a change in a global time reference; and the first node communicating the first
local ratio to the other nodes, such that each node receiving the communication
from the first node can adjust its local clock counter speed to reduce discrepancies
between the that of the first node’s local clock. In one embodiment, the first and
other nodes of the wireless network node are component playback units as
described in FIG. 2. In one version, the first data rate is derived from incoming an

SPDIF format signal from the digital audio source device 111.

[00131] Thus embodiments have been described for providing synchronization in a

network of component playback devices, such as such as shown in FIG. 1.

[00132] In keeping with common industry terminology, the terms "base station”,
"access point", and "AP" may be used interchangeably herein to describe an
electronic device that may communicate wirelessly (or more broadly though a
medium such as power lines; see below) and substantially simultaneously with

o n

multiple other electronic devices, while the terms “client,” "slave device" and
"STA" may be used interchangeably to describe any of those multiple other
electronic devices, which may have the capability to be moved and still
communicate, though movement is not a requirement. However, the scope of the

invention is not limited to devices that are labeled with those terms.
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[00133] While an embodiment for operation conforming to the IEEE 802.11
standard has been described, the invention may be embodied using devices
conforming to other wireless network standards and for other applications,
including, for example other WLAN standards and other wireless standards.
Applications that can be accommodated include IEEE 802.11 wireless LANs and
links, wireless Ethernet, HIPERLAN 2, European Technical Standards Institute
(ETSI) broadband radio access network (BRAN), and multimedia mobile access
communication (MMAC) systems, wireless local area networks, local multipoint
distribution service (LMDS) IF strips, wireless digital video, wireless USB links,
wireless IEEE 1394 links, TDMA packet radios, low-cost point-to-point links,

voice-over-IP portable “cell phones” (wireless Internet telephones), etc.

[00134] Embodiments of the invention may also be for operation in networks that
are not strictly wireless, but operate similarly. Included in such networks are
power line networks that use radio frequencies, e.g., radio frequency bursts,
OFDM bursts, and so forth. One example is X10. Thus the term wireless is to be
interpreted broadly herein to include wired communication that using radio

frequency signals.

[00135] In the context of this document, the term "wireless" and its derivatives may
be used to describe circuits, devices, systems, methods, techniques,
communications channels, etc., that may communicate data through the use of
modulated electromagnetic radiation through a non-solid medium. The term does
not imply that the associated devices do not contain any wires, although in some

embodiments they might not.

[00136] Unless specifically stated otherwise, as apparent from the following
discussions, it is appreciated that throughout the specification discussions utilizing
terms such as "processing," "computing," "calculating," “determining” or the like,
refer to the action and/or processes of a computer or computing system, or similar
electronic computing device, that manipulate and/or transform data represented as
physical, such as electronic, quantities into other data similarly represented as

physical quantities.
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[00137] In a similar manner, the term "processor" may refer to any device or
portion of a device that processes electronic data, e.g., from registérs and/or
memory to transform that electronic data into other electronic data that, e.g., may
~ be stored in registers and/or memory. A “computer” or a “computing machine” or

a "computing platform" may include one or more processors.

[00138] The methodologies described herein are, in one émbodiment, performable
by one or more processors that accept computer-readable (also called machine-
readable) code containing a set of instructions that when executed by one or more
of the processors carry out at least one of the methods described herein. Any
processor capable of executing a set of instructions (sequential or otherwise) that
specity actions to be taken are included. Thus, one example is a typical processing
system that includes one or more processors. Each processor may include one or
more of a CPU, a graphics processing unit, and a programmable DSP unit. The
processing system further may include a memory subsystem including main RAM
and/or a static RAM, and/or ROM. A bus subsystem may be included for
communicating between the components. The processing system further may be a
distributed processing system with processors coupled by a network. If the
processing system requires a display, such a display may be included, e.g., a liquid
crystal display (LCD) or a cathode ray tube (CRT) display. If manual data entry is
required, the processing system also includes a source device such as one or more
of an alphanumeric input unit such as a keyboard, a pointing control device such
as a mouse, and so forth. The term memory unit as used herein, if clear from the
context and unless explicitly stated otherwise, also encompasses a storage system
such as a disk drive unit. The processing system in some configurations may
include a sound output device, and a network interface device. The memory
subsystem thus includes a computer-readable carrier medium that carries
computer-readable code (e.g., software) including a set of instructions to cause
performing, when executed by one or more processors, one of more of the
methods described herein. Note that when the method includes several elements,
e.g., several steps, no ordering of such elements is implied, unless specifically

stated. The software may reside in the hard disk, or may also reside, completely or
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at least partially, within the RAM and/or within the processor during execution
thereof by the computer system. Thus, the memory and the processor also

constitute computer-readable carrier medium carrying computer-readable code.

[00139] Furthefmore, a computer-readable carrier medium may form, or be

included in a computer program product.

[00140] In alternative embodiments, the one or more processors operate as a
standalone device or may be connected, e.g., networked to other processor(s), in a
networked deployment, the one or more processors may operate in the capacity of
a server or a client machine in server-client network environment, or as a peer
machine in a peer-to-peer or distributed network environment. The one or more
processors may form a personal computer (PC), a tablet PC, a set-top box (S1B), a
Personal Digital Assistant (PDA), a cellular telephone, a web appliance, a network
router, switch or bridge, or any machine capable of executing a set of instructions

(sequential or otherwise) that specify actions to be taken by that machine.

[00141]  Note that while some diagram(s) only show(s) a single processor and a
single memory that carries the computer-readable code, those in the art will
understand that many of the components described above are included, but not
explicitly shown or described in order not to obscure the inventive aspect. For
example, while only a single machine is illustrated, the term "machine" shall also
be taken to include any collection of machines that individually or jointly execute
a set (or multiple sets) of instructions to perform any one or more of the

methodologies discussed herein.

[00142] Thus, one embodiment of each of the methods described herein is in the
form of a computer-readable carrier medium carrying a set of instructions, e.g., a
computer program that are for execution on one or more processors, €.g., one or
more processors that are part of a component playback unit. Thus, as will be
appreciated by those skilled in the art, embodiments of the present invention may
be embodied as a method, an apparatus such as a special purpose apparatus, an
apparatus such as a data processing system, or a computer-readable carrier

medium, e.g., a computer program product. The computer-readable carrier
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medium carries computer readable code including a set of instructions that when
executed on one or more processors cause a processor or processors to implement
a method. Accordingly, aspects of the present invention may take the form ot a
method, an entirely hardware embodiment, an entirely software embodiment or an
embodiment combining software and hardware aspects. Furthermore, the present
invention may take the form of carrier medium (e.g., a computer program product
on a computer-readable storage medium) carrying computer-readable program

code embodied in the medium.

[00143] The software may further be transmitted or received over a network via a
network interface device. While the carrier medium is shown in an example
embodiment to be a single medium, the term "carrier medium" should be taken to
include a single medium or multiple media (e.g., a centralized or distributed
database, and/or associated caches and servers) that store the one or more sets of
instructions. The term "carrier medium" shall also be taken to include any medium
that is capable of storing, encoding or carrying a set of instructions for execution
by one or more of the processors and that cause the one or more processors to
perform any one or more of the methodologies of the present invention. A carrier
medium may take many forms, including but not limited to, non-volatile media,
volatile media, and transmission media. Non-volatile media includes, for example,
optical, magnetic disks, and magneto-optical disks. Volatile media includes
dynamic memory, such as main memory. Transmission media includes coaxial
cables, copper wire and fiber optics, including the wires that comprise a bus
subsystem. Transmission media also may also take the form of acoustic or light
waves, such as those generated during radio wave and infrared data
communications. For example, the term "carrier medium" shall accordingly be
taken to included, but not be limited to, solid-state memories, a computer product
embodied in optical and magnetic media, a medium bearing a propagated signal
detectable by at least one processor of one or more processors and representing a
set of instructions that when executed implement a method, a carrier wave bearing
a propagated signal detectable by at least one processor of the one or more

processors and representing the set of instructions a propagated signal and
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representing the set of instructions, and a transmission medium 1in a network
bearing a propagated signal detectable by at least one processor of the one or more

processors and representing the set of instructions.

[00144] [t will be understood that the steps of methods discussed are perfoﬁned in .
one embodiment by an appropriate processor (or processors) of a processing (i.e.,
computer) system executing instructions (computer-readable code) stored in
storage. It will also be understood that the invention is not limited to any particular
implementation or programming technique and that the invention may be
implemented using any appropriate techniques for implementing the functionality
‘described herein. The invention is not limited to any particular programming

language or operating system..

[00145] Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described
in connection with the embodiment is included in at least one embodiment of the
present invention. Thus, appearances of the phrases “in one embodiment” or “in an
embodiment” in various places throughout this specification are not necessarily all
referring to the same embodiment, but may. Furthermore, the particular features,
structures or characteristics may be combined in any suitable manner, as would be
apparent to one of ordinary skill in the art from this disclosure, in one or more

embodiments.

[00146] Similarly it should be appreciated that in the above description of example
embodiments of the invention, various features of the invention are sometimes
grouped together in a single embodiment, figure, or description thereof for the
purpose of streamlining the disclosure and aiding in the understanding of one or
more of the various inventive aspects. This method of disclosure, however, is not
to be interpreted as reflecting an intention that the claimed invention requires more
features than are expressly recited in each claim. Rather, as the following claims .

‘reflect, inventive aspects lie in less than all features of a single foregoing disclosed
embodiment. Thus, the claims following the Detailed Description are hereby
expressly incorporated into this Detailed Description, with each claim standing on

its own as a separate embodiment of this invention.
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[00147] Furthermore, while some embodiments described herein include some but
not other features included in other embodiments, combinations of features of
different embodiments are meant to be within the scope of the invention, and form
different embodiments, as would be understood by those in the art. For example,
in the "following claims, ény of the claimed embodiments can be used in any

combination.

[00148] Furthermore, some of the embodiments are described herein as a method or
combination of elements of a method that can be implemented by a processor of a
computer system or by other means of carrying out the function. Thus, a processor
with the necessary instructions for carrying out such a method or element of a
method forms a means for carrying out the method or element of a method.
Furthermore, an element described herein of an apparatus embodiment is an
example of a means for carrying out the function performed by the element for the

purpose of carrying out the invention.

[00149] In the description provided herein, numerous specific details are set forth.
However, it 1s understood that embodiments of the invention may be practiced
without these speciﬁc details. In other instances, well-known methods, structures
and techniques have not been shown in detail in order not to obscure an

understanding of this description.

[00150] As used herein, unless otherwise specified the use of the ordinal adjectives
"first", "second”, "third", etc., to describe a common object, merely indicate that
different instances of like objects are being referred to, and are not intended to
imply that the objects'so described must be in a given sequence, either temporally,

spatially, in ranking, or in any other manner.

[00151] All publications, patents, and patent applications cited herein are hereby

incorporated by reference.

[00152] Any discussion of prior art in this specification should in no way be
considered an admission that such prior art is widely known, is publicly known, or

torms part of the general knowledge in the field.
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[00153] In the claims below and the description herein, any one of the terms
comprising, comprised of or which comprises is an open term that means
including at least the elements/features that follow, but not excluding others. Thus,
the term comprising, when used in the claims, should not be interpreted as being
limitative to the means or elements or steps listed thereafter. For example, the
scope of the expression a device comprising A and B should not be limited to
devices consisting only of elements A and B. Any one of the terms including or
which includes or that includes as used herein is also an open term that also means
including at least the elements/features that follow the term, but not excluding

others. Thus, including is synonymous with and means comprising.

[00154] Similarly, it is to be noticed that the term coupled, when used in the claims,
should not be interpreted as being limitative to direct connections only. The terms
"coupled" and "connected," along with their derivatives, may be used. It should be
understood that these terms are not intended as synonyms for each other. Thus, the
scope of the expression a device A coupled to a device B should not be limited to
devices or systems wherein an output of device A is directly connected to an input
of device B. It means that there exists a path between an output of A and an mput
of B which may be a path including other devices or means. "Coupled” may mean
that two or more elements are either in direct physical or electrical contact, or that
two or more elements are not in direct contact with each other but yet still co-

operate or interact with each other.

[00155] Thus, while there has been described what are believed to be the preferred
embodiments of the invention, those skilled in the art will recognize that other and
further modifications may be made thereto without departing from the spirit of the
invention, and it is intended to claim all such changes and modifications as fall
within the scope of the invention. For example, any formulas given above are
merely representative of procedures that may be used. Functionality may be added
or deleted from the block diagrams and operations may be interchanged among
functional blocks. Steps may be added or deleted to methods described within the

scope of the present invention.



CA 02635293 2008-06-26

WO 2007/0765735 PCT/AU2006/001957
35
CLAIMS:
We claim
1. A method at a master device in an infrastructure network having an access point

and client devices, each client device having a global clock and a local clock, the

respective global clocks being synchronized; the method comprising:

reading a master local clock included in the master device to obtain a master

local clock counter value;

reading a master global clock included in the master device to obtain a master

global clock value corresponding to the read master local clock counter value; and

sending data to at least one slave device that provides to a receiving slave
device data sufficient to determine a relationship between the master local clock
frequency and the corresponding master global clock frequency, each slave device
being a client device, such that each receiving client device that 1s a playback unit
can use the received data, the local time according to the receiving playback unit’s
local clock, and the receiving playback unit’s global clock value to adjust the slave
device’s local clock’s frequency to synchronize to the master device’s local
clock’s frequency, such that the adjusted local clock provides an adjusted local

clock signal that is frequency synchronized to the master device’s local clock,

wherein the receiving playback unit includes a digital to analog converter that 1s
clocked by a signal derived from the adjusted local clock signal and that 1s
operative to generate analog audio data, and one or more elements operative to

provide audio playback.

A method as recited in claim 1, wherein the adjusting of the slave device’s local

clock’s frequency 1s by applying a control signal to a signal controlled oscillator.

. A method as recited in claim 1, wherein the adjusting of the slave device’s local

clock’s frequency is by applying a control signal to a signal controlled oscillator to
change the frequency, the control signal indicative of the frequency difterence

between the master local clock and the adjusted client local clock, until an average
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of the frequency difference between the master local clock and the adjusted client
local clock is below a pre-defined threshold, thereafter operating a digital phase
locked loop to synchronize the phase of the adjusted local clock signal to the

master device’s local clock.
4. A method as recited in claim 1, wherein the access point 1s the master device.

5. A method as recited in claim 1, wherein the master device 1s a client device of the

access point.
6. A method as recited in claim 1, wherein the sending of the data is periodically.

7. A method as recited in claim 1, wherein the sending of the data 1s non-

periodically.
8. A method comprising:

receiving one or more beacon or probe response frames from an access point
of an infrastructure network, and synchronizing a global clock of a client device of

the access point to a global clock of the access point;

receiving data transmitted by a master device having a global clock matching
the global clock of the access point, the received data including data sutficient to
determine the relationship between the frequency of a master local clock counter
value obtained by reading a master local clock included in the master device, and
the frequency of a master global clock value corresponding to the read master
local clock counter value, the master global clock value obtained by reading the

global clock of the master device;

reading the value of a client local clock and reading the value of the client

global clock from time to time; and

adjusting the client device’s local clock’s frequency to obtain an adjusted
client local clock signal synchronized to the master local clock’s frequency, such
that the adjusted local clock signal is synchronized to the master device’s master

local clock,
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wherein each client device includes a respective digital to analog converter that is
clocked by a signal derived from the respective adjusted client local clock signal
and that is operative to generate analog audio data, and one or more elements

operative to provide audio playback.

A method as recited in claim 8, wherein the data is transmitted periodically by the

master device.

A method as recited in claim 8, wherein the data is transmitted non-periodically by

the master device.

A method as recited in claim 1, wherein the adjusting of the client device’s .
local clock’s frequency is by applying a control signal indicative of the frequency
difference between the master local clock and the adjusted client local clock to a

signal controlled oscillator.

A method as recited in claim 11, wherein the adjusting of the slave device’s
local clock’s frequency by applying a control signal to the signal controlled
oscillator is until an average of the frequency difference between the master local
clock and the adjusted client local clock is below a pre-defined threshold,
thereafter the method comprising operating a digital phase locked loop to
synchronize the phase of the adjusted local clock signal to the master device’s

local clock.
A method as recited in claim 8, further comprising:

determining a signal indicative of the phase error between the master local

clock and the adjusted client local clock signal;

digitally low pass filtering the signal indicative of the phase error to obtain a

digital signal indicative of a filtered phase error; and

generating the adjusted client local clock signal as the output of a signal-
controlled oscillator with the signal indicative of the filtered phase error as input to
implement a digital phased locked loop, such that the adjusted local clock signal is

phase synchronized to the master local clock of the master device.
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14. A method as recited in claim 13, wherein the digital phase locked loop is a Type 2,

15.

16.

17.

18.

second order digital phase locked loop.

A method as recited in claim 13, wherein the digital phase locked loop is operative
only when an average of frequency difference between the master local clock and

the adjusted client local clock is below a pre-defined threshold.
A method as recited in claim 8, wherein the access point is the master device.

A method as recited in claim 8, wherein the master device is a client station of the

access point.

A method of providing localized synchronization of a node of an infrastructure
network to a set of nodes of the infrastructure network, the method comprising the

steps of:

reading a current value for a global time function, the function being regularly

transmitted over the infrastructure network;

reading a local clock counter value of a clock provided internally to the

network node;

computing a current node local ratio given by the change in a local clock

counter divided by a corresponding change in a global clock counter;

receiving corresponding network local ratio values determinative of other

nodes in the network; and

adjusting the local clock speed depending on a comparison with the network

- local ratio values and the current node local ratio value,

19.

wherein the node includes a loudspeaker and 1s operative to playback audio

through the loudspeaker.

A method as claimed in claim 18, wherein the adjusting step further includes
adjusting the local clock speed of the infrastructure network node so as to reduce
the difference between an average network local ratio value and the current node

ratio value.
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A method of providing rate synchronization, the method comprising:

a node of an infrastructure network using an internal local clock counter
having a local clock speed and accessing a global transmitted time function, the

node including a loudspeaker for audio playback;

at predetermihed times, the node computing a local ratio given by the change

in local clock counter divided by a corresponding change in global clock counter;
the node exchanging its local ratio with one or more other nodes:

the node averaging the local ratios of the other nodes to produce an average

local ratio; and

the node adjusting its local clock speed depending on the comparison between

1ts local ratio and the average local ratio.

A method as claimed in claim 20 wherein the adjusting step includes adjusting
the local clock speed in small increments relative to the difference in the local

ratio and average local ratio so as to reduce the difference.

A method as claimed in claim 20 wherein the adjusting step includes
dispensing with and adjustment of the local clock speed when the difference is

below a predetermined limit.

A method as claimed in claim 20 wherein upon startup of a new node, the new
node initially makes relatively larger movements in local clock speed than

subsequent movements.

A method at a master device coupled to a digital audio source device that is
operable to deliver audio data to the master device at a source device rate, master
device in an infrastructure network that includes an access point that transmits
beacon or probe response frames to enable at least one a client device that has a

global clock and a local clock to synchronize its global clock, the method

comprising:
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deriving a first rate relative to the rate of master local clock included in the
master device, the first rate being the source device rate relative to the master

device’s master local clock rate;

adjusting the master local clock rate depending on the relative differences in

the first rate and the master local clock rate;
reading the master local clock to obtain a master local clock counter value;

reading a master global clock included in the master device to obtain a master

global clock value corresponding to the read master local clock counter value; and

the master device sending data to at least one slave device that is a client

device of the access point, the sent data providing to a receiving slave device data
sufficient to determine the difference between the master local clock reading and
the corresponding master global clock reading, such that each receiving playback
unit can use the received data, the time of receipt of the received data according to
the receiving playback unit’s local clock, and the receiving playback unit’s local
global clock counter value to adjust the slave device’s local clock’s frequency to
synchronize to the masters local clock, and hence to the source device rate, such

that the adjusted local clock is synchronized to the source device rate,

wherein the slave device includes a loudspeaker and is operable to playback audio
through the loudspeaker.

A method as recited in claim 24, wherein the slave device includes a digital-to-
analog converter generating a signal to drive the loudspeaker, and wherein the

adjusted local clock is used to drive the digital-to-analog converter.
An apparatus comprising:
a master global clock;

a transceiver coupled to the master global clock, operable to be an access point
of an infrastructure network or a client device, and further operable 1f an access

point, to send a beacon or a probe response frame, such that a client device that
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has a client global clock can synchronize its global clock to the master global

clock;

a master local clock configured to provide a master local clock counter value

when read; and

logic coupled to the transceiver, master local clock, and master global clock
configured to cause the master global clock to read when the master local clock is
read to provide a corresponding master global clock value, the logic further
contigured to cause the transceiver to send data to at least one slave device, the
data sufficient for a recetving slave device to determine the difference between the
master local clock reading and the corresponding master global clock reading,
such that each receiving slave device that is a playback unit can use the received
data, the receiving playback unit’s local clock, and the receiving playback unit’s
local global reading to adjust the slave device’s local clock’s frequency to
synchronize to the masters local clock, such that the adjusted local clock is

synchronized to the master’s local clock,

wherein each slave device is a playback unit includes a respective loudspeaker and

1s operable to playback audio through the respective loudspeaker.
An apparatus comprising:
a global clock;

a transceiver coupled to the global clock, operable to be a client device of an
access point of an infrastructure network, further operable to receive one or more
beacon or probe response frames from the access point, and further operable to
synchronizing the global clock to a master global clock of a master device in the

infrastructure network;
a local clock:

logic coupled to the transceiver, the global clock, and the local clock operable
to receive, via the transceiver, data transmitted by the master device, including
data sufficient to determine the difference between a master local clock counter

value obtained by reading a master local clock included in the master device, and a
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master global clock value corresponding to the read master local clock counter
value, the master global clock value obtained by reading the global clock of the
master device, the logic further operable to read the value of a client local clock,
read the value of the client global clock; and adjust the client device’s local
clock’s frequency to obtain an adjusted client local clock signal synchronized to
the master local clock, such that the adjusted local clock signal is synchronized to

the master device’s master local clock; and

an amplifier coupled to the transceiver and operative to amplify an audio

signal for playback through a loudspeaker.

An apparatus as recited in claim 27, further comprising one or more élements

for video playback.

An apparatus as recited in claim 27, further comprising a digital phase locked loop

including:

a phase error determiner to determine the phase error between the master local

clock and the adjusted client local clock signal;
a low pass filter coupled to the phase error determiner:

a signal-controlled oscillator coupled to the low pass filter having a control
signal input coupled to the output of the low pass filter, and operable to generate

the adjusted client local clock signal output,

such that the adjusted local clock signal is phase synchronized to the master local

clock of the access point.

An apparatus as recited in claim 29, wherein the digital phase locked loop is a

Type 2, second order digital phase locked loop.
An apparatus as recited in claim 29, further comprising:

a digital-to-analog converter coupled to the transceiver, to the digital phase
locked loop, and to the input of the amplifier, and operable to convert digital to

analog at a rate determined by the adjusted local clock signal.
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851
Monitor legacy source data rate, |~
e.g., at master device

Adjust local master clock rate and /— 852
phase to align with legacy source
data rate and phase

853

Communicate to other audio
playback units (see FIGS. 3),

such that each slave playback unit
adjusts its local clock (See FIG. 4)

FIG. 8
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