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(57) ABSTRACT

Embodiments of the present invention provide a mobile
device comprising a slave clock, a receiver unit for receiving
one or more frames from a remote device including a master
system clock, a transmitter unit for transmitting one or more
frames to the remote device, and a clock error correction unit.
The clock error correction unit is configured to maintain
clock synchronization between the slave clock and the master
system clock, and maintain frame alignment for frames trans-
mitted from the transmitter unit.
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MAINTAINING CLOCK SYNCHRONIZATION
IN A DIGITAL NETWORK WITHOUT
CONTINUOUS TRANSMISSION

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates generally to maintain-
ing clock synchronization in a digital network without con-
tinuous transmission of a signal across the network.

[0003] 2. Description of Related Art

[0004] Electronic devices that are remote from one another
in a network must be synchronized so that they may properly
function together. For example, electronic audio devices
within an audio system (e.g., a public address system includ-
ing microphones, amplifiers and/or loudspeakers) must be
synchronized to properly communicate and function
together. A high speed clock signal may be shared between
the audio devices to maintain synchronization between the
audio devices. In some cases, however, sharing of a high
speed clock signal between audio devices is impractical as the
audio devices are not within close proximity to each other or
because there is not a continuous signal being transmitted
between the devices or for many other reasons.

BRIEF SUMMARY OF THE INVENTION

[0005] The preferred embodiments of the present invention
provide communication networks including a mobile device
and a remote device. The mobile device may comprise a slave
clock, a receiver unit for receiving one or more frames from
the remote device, a transmitter unit for transmitting one or
more frames to the remote device and a clock error correction
unit. The remote device may include a master system clock.
The clock error correction unit is configured to maintain
clock synchronization between the slave clock and the master
system clock, and maintain frame alignment for frames trans-
mitted from the transmitter unit to the remote device.

[0006] These and other features, aspects, and advantages of
the present invention will become understood with reference
to the following description, appended claims, and accompa-
nying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] FIG. 1 is a block diagram of a digital wireless sys-
tem, in accordance with a preferred embodiment of the inven-
tion.

[0008] FIG.2isablock diagram of a digital wireless micro-
phone system, in accordance with a preferred embodiment of
the invention.

[0009] FIG. 3 is a block diagram of a digital wired system,
in accordance with a preferred embodiment of the invention.
[0010] FIG. 4 is a block diagram of a digital wired micro-
phone system, in accordance with a preferred embodiment of
the invention.

[0011] FIG. 5 illustrates an example frame structure, in
accordance with a preferred embodiment of the present
invention.

[0012] FIG. 6 illustrates an example slot structure for a time
slot, in accordance with a preferred embodiment of the inven-
tion.

[0013] FIG.7is ablock diagram of an example mobile unit,
in accordance with a preferred embodiment of the invention.
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[0014] FIG. 8 is a flowchart of an example process for
determining when clock error correction parameters are cal-
culated, in accordance with a preferred embodiment of the
present invention.

[0015] FIG. 9 is a flowchart of an example process for
calculating clock error correction parameters, in accordance
with a preferred embodiment of the present invention.
[0016] FIG. 10 is an example timing diagram illustrating
clock synchronization between a system master clock of a
base unit and a slave clock of a mobile unit, in accordance
with a preferred embodiment of the invention.

[0017] FIG. 11 is a high level block diagram showing a
computer system useful for implementing a preferred
embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0018] The illustrated preferred embodiments of the
present invention provide a communications network includ-
ing a mobile device and a remote device. The mobile device
may comprise a slave clock, a receiver unit for receiving one
or more frames from the remote device, a transmitter unit for
transmitting one or more frames to the remote device and a
clock error correction unit. The remote device may include a
master system clock. The clock error correction unit is con-
figured to maintain clock synchronization between the slave
clock and the master system clock, and maintain frame align-
ment for frames transmitted from the transmitter unit to the
remote device.

[0019] FIG. 1 is a block diagram of a digital wireless sys-
tem 10, in accordance with a preferred embodiment of the
invention. The system 10 comprises a base unit 11 and one or
more mobile units 12. In one embodiment, the base unit 11
may represent an electronic device for receiving and output-
ting data (e.g., audio data, video data, etc.). Examples of a
base unit 11 include an audio receiver, an amplifier, a loud
speaker, etc. Each mobile unit 12 may represent an electronic
device for capturing and transmitting data (e.g., captured/
recorded audio data, captured/recorded video data). The
mobile unit 12 may further include a transducer unit to cap-
ture stimulus and reduce the stimulus to an electronically
coded signal. Examples of a mobile unit 12 include a micro-
phone, a video camera, etc.

[0020] In one preferred embodiment of a network of the
invention, each of the base unit 11 and each mobile unit 12
may each include a wireless base station (WBS) 9 configured
to wirelessly communicate/exchange information over a
wireless communication link 15. For example, the base unit
11 and each mobile unit 12 may operate on one or more radio
frequencies. Each mobile unit 12 includes a wireless trans-
ceiver 12T and a wireless receiver 12R, and the base unit 11
includes a wireless transceiver 11T and a wireless receiver
11R. Each wireless transceiver 12T of each mobile unit 12 is
configured to wirelessly transmit radio frequency (RF) sig-
nals to the wireless receiver 11R of the base unit 11. Each
wireless transceiver 12T of each mobile unit 12 is configured
to wirelessly receive RF signals from the wireless transmitter
11T of the base unit 11.

[0021] As another example, the base unit 11 and each
mobile unit 12 may wirelessly communicate/exchange infor-
mation using infrared (I/R) waves or I/R signals.

[0022] The base unit 11 includes a system master clock 14.
Each mobile unit 12 includes a slave clock 13. As described in
detail later herein, each slave clock 13 may be synchronized
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with the system master clock 14 in the absence of a continu-
ous transmission of a signal between the slave clock 13 and
the system master clock 14.

[0023] FIG.2isablock diagram of a digital wireless micro-
phone system 20, in accordance with a preferred embodiment
of'anetwork developed in accordance with the invention. The
network system 20 is an example digital wireless system 10
comprising an audio receiver unit 21 and one or more micro-
phone units 22. The audio receiver unit 21 is an example of a
base unit 11. Each microphone unit 22 is an example of a
mobile unit 12. The audio receiver unit 21 and the micro-
phone units 22 wirelessly communicate/exchange informa-
tion over a wireless communication link 15.

[0024] In one preferred embodiment of the invention, the
audio receiver unit 21 may transmit audio data received from
each microphone unit 22 (e.g., audio data captured/recorded
by each microphone unit 22) over a cable connection link 25
to another system/device for processing or output, such as a
public address system including amplifiers and/or loud
speakers.

[0025] FIG. 3 is a block diagram of a digital wired system
30, in accordance with a preferred embodiment of the inven-
tion. The system 30 comprises a base unit 11 and one or more
mobile units 12. In one embodiment, the base unit 11 and each
mobile unit 12 communicate/exchange information via a
wired communication link 35. As described in detail later
herein, each slave clock 13 may be synchronized with the
system master clock 14 in the absence of a continuous trans-
mission of a signal between the slave clock 13 and the system
master clock 14.

[0026] FIG. 4 is a block diagram of a digital wired micro-
phone system 40, in accordance with a preferred embodiment
of the invention. The system 40 is an example digital wired
system 10 comprising an audio receiver unit 21 and one or
more microphone units 22. The system 40 comprises an audio
receiver unit 21 and one or more microphone units 22. The
audio receiver unit 21 and the microphone units 22 commu-
nicate/exchange information via a wired communication link
3s5.

[0027] FIG. 5illustrates an example frame structure 100, in
accordance with a preferred embodiment of the present
invention. As described in detail later herein, to maintain
clock synchronization with a system master clock 14 ofa base
unit 11, a mobile unit 12 computes measurements and adjusts
a slave clock 13 of the mobile unit 12 based on the measure-
ments computed. In order for the mobile unit 12 to compute
measurements necessary to maintain lock (i.e., maintain
clock synchronization with the system master clock 14), a
frame structure 100 from the base unit 11 needs to be known
ahead of time, and be regular and repeatable. If the base unit
11 sends information in an ad-hoc manner instead (i.e., out-
side of a frame structure), the mobile unit 12 will not be able
to compute the measurements necessary to maintain lock.
[0028] In one embodiment, structured, regular, repeatable
frame structures 100 are utilized to maintain clock synchro-
nization between a system master clock 14 and each slave
clock 13 in a digital network without a continuous signal
transmission between the slave clock 13 and the system mas-
ter clock 14.

[0029] Embodiments ofthe present invention may be appli-
cable to different types of known frame structures. In one
preferred embodiment of the invention, the frame structure
100 is a Time Division Multiple Access (TDMA) frame struc-
ture which may be divided into multiple time slots 110. The
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base unit 11 and the mobile units 12 may transmit frames 1
(shown in FIG. 10), over the same channel which may be a
radio frequency or via the same cable connection link 35, at
different time slots. Each unit 11, 12 has at least one desig-
nated time slot 110.

[0030] Specifically, the frame structure 100 includes at
least one base unit time slot 120, wherein the base unit time
slot 120 represents a time slot 110 designated for the base unit
11. The frame structure 100 may further include one or more
mobile unit time slots 125, wherein each mobile unit time slot
125 represents a time slot 110 designated for a particular
mobile unit 12. When the base unit 11 transmits a frame 1
during a base unit time slot 120, the mobile units 12 attempt
to receive the transmitted frame 1 during the base unit time
slot 120. Similarly, when a mobile unit 12 transmits a frame 1
during a corresponding mobile unit time slot 125, the base
unit 11 attempts to receive the transmitted frame 1 during the
mobile unit time slot 125.

[0031] Inone preferred embodiment of the invention, each
slave clock 13 of each mobile unit 12 is synchronized upon
receiving a frame 1 transmitted by the base unit 11 during a
base unit time slot 120. Upon receiving the transmitted frame
1, frames 1 from each mobile unit 12 are aligned in accor-
dance with the frame structure 100.

[0032] In another preferred embodiment of the invention,
the frame structure 100 is another type of frame structure that
is regular and repeatable, such as a code division multiple
access (CDMA) burst frame structure.

[0033] In one preferred embodiment of the invention, the
base unit 11 and the mobile units 12 transmit frames 1 at any
one point in time over multiple radio frequencies (e.g., the
wireless transceivers 11T, 12T operate on a different radio
frequency than the wireless receivers 11R, 12R).

[0034] In another preferred embodiment of the invention,
different wired topologies may be utilized. For example, for
each mobile unit 12, two wired connection links 25 may be
used to interconnect the mobile unit 12 to the base unit 11.
[0035] FIG. 6illustrates an example slot structure for a time
slot 110, in accordance with a preferred embodiment of the
invention. As stated above, each unit 11, 12 transmits a frame
1 during a designated time slot 110. In one embodiment, a
frame 1 transmitted by a unit 11 includes multiple fields
representing different types of information, such as a guard
band field 111, a preamble field 112, a sync field 113, and a
data field 114.

[0036] FIG. 7 is a block diagram of an example mobile unit
12, in accordance with a preferred embodiment of the inven-
tion. In one embodiment, a slave clock 13 of a mobile unit 12
is a slave clock oscillator. The mobile unit 12 further com-
prises a converter 16 (e.g., a digital-to-analog converter), a
control logic module 17, a transmitter 18, and a receiver 19.
The transmitter 18 is configured to transmit frames 1 to a base
unit 11 (e.g., via a wired connection link 35 or wirelessly via
a wireless transceiver 12T over a wireless connection link
15). The receiver 19 is configured to receive frames 1 from a
base unit11 (e.g., via a wired connection link 35 or wirelessly
via a wireless receiver 12R over a wireless connection link
15).

[0037] To determine frame timing, the mobile unit 12
monitors a frame structure 110 to locate a base unit time slot
120 included in the frame structure 110. The mobile unit 12
will not transmit frames 1 until it locates the base unit time
slot 120 and its slave clock 13 is synchronized with the system
master clock 14 of the base unit 11.
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[0038] To maintain clock synchronization between the sys-
tem master clock 14 and the slave clock 13, the control logic
module 17 locally calculates multiple clock error correction
parameters, and adjusts the slave clock 13 based on the clock
error parameters calculated. The mobile unit 12 does not need
to rely on calculations/measurements from remote entities,
such as the base unit 11 or another mobile unit 12.

[0039] In one preferred embodiment of the invention, the
slave clock 13 is adjusted to compensate for differences in
frequency and/or phase between the system master clock 14
and the slave clock 13. Adjusting the slave clock 13 to com-
pensate for differences in frequency and/or phase between the
system master clock 14 and the slave clock 13 also maintains
frame alignment of the frame structure 100. Without phase
correction, frames 1 from the mobile unit 12 will not be
aligned in accordance with the frame structure 100.

[0040] In this specification, let CFE denote a clock fre-
quency error between two clock periods in parts per million
(PPM) units. In general, a clock frequency error CFE is cal-
culated in accordance with equation (1) as provided below:

CFE=((T,,-T.)/T,)*10° ),

wherein T,, represents clock period of the system master
clock 14, and wherein T, represents clock period of the slave
clock 13.

[0041] In one preferred embodiment of the invention, the
control logic module 17 includes a clock error correction unit
400 for calculating the clock error correction parameters used
in adjusting the slave clock 13. The clock error correction unit
400 locally maintains a clock counter 410 and a frame counter
420. The clock counter 410 maintains an integer value Clk
Cnt representing the number of clock cycles that has elapsed.
The frame counter 420 maintains an integer value Frm Cnt
representing the number of frames that has transpired since a
previous measurement computed/performed by the mobile
unit 12.

[0042] In this specification, let MAX_CLK_CNT denote a
threshold integer value representing a maximum number of
clock cycles.

[0043] When the mobile unit 12 locates a first base unit time
slot 120, the clock counter 410 and the frame counter 420 are
reset. The clock counter 410 is incremented at every clock
cycle. The frame counter 420 is incremented when the clock
counter 410 equals MAX_CLK_CNT/2. In one embodiment,
the frame counter gets reset after every measurement.
[0044] After aminimum number of frames 1 has transpired
and a next base unit time slot 120 is located, the clock error
correction unit 400 computes a measurement (i.e., performs a
measurement pass). Specifically, the clock error correction
unit400 calculates a clock frequency error CFE in accordance
with equation (2) as provided below:

CFE=(Clk_Cnt*CONST ppy)/Frm_Cnt ),

wherein  CONST,,,~(Clk_Prd*10°)/Frm_Prd, wherein
Clk_Prd represents clock period of the slave clock 13, and
wherein Frm_Prd represents frame period.

[0045] In one preferred embodiment of the invention, the
clock frequency error calculated is a two’s complement
signed number. The sign of the clock frequency error deter-
mines whether the slave clock 13 is faster or slower than the
system master clock 14. For example, the slave clock 13 is
faster than the system master clock 14 if the clock frequency
error value is positive. The slave clock 13 is slower than the
system master clock 14 if the clock frequency error value is
negative.
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[0046] In one preferred embodiment of the invention, the
calculation of clock frequency error comprises two parts.
First, differences in frequency and/or phase between the sys-
tem master clock 14 and the slave clock 13 are measured.
Second, the slave clock 13 is adjusted based on the differ-
ences measured.

[0047] Inthis specification, let A, represent a measured time
difference between the system master clock 14 and the slave
clock 13 after a minimum number of frames 1 has transpired.
The time difference A, is measured in clock cycles. The mini-
mum number of frames 1 is selected to be long enough for an
accurate measurement pass, but short enough such that a time
difference A, measured satisfies equation (3) as provided
below:

ASTH2 @3

wherein T represents frame period, and wherein the granu-
larity of the measurement is equal to ((Clk_Prd)/(Frm_
Cnt*Frm_Prd))*10°.

[0048] Theclock correction error parameters are calculated
in terms of clock cycles instead of PPM to reduce/minimize
the amount of processing power consumed during calcula-
tions. The clock error correction unit 400 further includes a
lookup table (LUT) 430 maintaining multiple digital-to-ana-
log (D/A) wvalues corresponding to different correction
parameters.

[0049] FIG. 8 is a flowchart of an example process 500 for
determining when clock error correction parameters are cal-
culated, in accordance with a preferred embodiment of the
present invention. In process block 501, a mobile unit 12 is
powered up/powered on. In process block 501B, the mobile
unit 12 lookups a nominal D/A value in the lookup table 430
and writes to D/A. In process block 502, the mobile unit 12
determines whether a frame 1 from a base unit 11 is received
during a base unit time slot 120 by searching for the base unit
time slot 120. If a frame 1 from the base unit 11 is received,
proceed to process block 502B. Ifa frame 1 from the base unit
11 is not received, return to process block 502.

[0050] In process block 502B, a clock counter 410 main-
tained by the mobile unit 12 is reset. In process block 503, a
frame counter 420 maintained by the mobile unit 12 is reset.
The clock counter 410 is incremented every clock cycle, and
the frame counter 420 is incremented when the clock counter
410 equals MAX_CLK_CNT/2.

[0051] Inprocess block 504, the mobile unit 12 determines
whether another frame 1 from the base unit 11 is received
during another base unit time slot 120 by searching for
another base unit time slot 120. If another frame 1 from the
base unit 11 is received, proceed to process block 505. If
another frame 1 from the base unit 11 is not received, proceed
to process block 506.

[0052] In process block 505, the mobile unit 12 checks
whether a minimum number of frames 1 has transpired by
determining whether the frame counter 420 is greater than the
minimum number of frames 1. If the frame counter 420 is
greater than the minimum number of frames 1, proceed to
process block 507. If the frame counter 420 is not greater than
the minimum number of frames 1, return to process block
504.

[0053] In process block 506, the mobile unit 12 checks
whether a maximum number of frames 1 has transpired by
determining whether the frame counter 420 is less than the
maximum number of frames 1. If the frame counter 420 is less
than the maximum number of frames, return to process block
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504. If the frame counter 420 is not less than the maximum
number of frames, return to process block 501B as the process
has failed.

[0054] In process block 507, calculate multiple clock error
correction parameters, save the parameters calculated, and
write a clock error correction value to a converter 16 of the
mobile unit 12, wherein a slave clock 13 of the mobile unit 12
is adjusted based on the clock error correction value calcu-
lated. In process block 507B, the clock counter 410 main-
tained by the mobile unit 12 is reset only if first measurement.
After process block 507B, the process returns to process
block 503.

[0055] FIG.9 is a flowchart of an example process 600 for
calculating clock error correction parameters, in accordance
with a preferred embodiment of the present invention. In
process block 601, determine whether measured values for
current accumulated clock count value Clk_Cnt, ..., c,»and
Frm_Cnt in the clock counter 410 and the frame counter 420,
respectively, are complete. In process block 602, calculate
Delta_Clk_Cnt in accordance with equation (4) as provided
below:

Delta_Clk_Cnt=Clk_Cnt,,.,,, Cur-Cnty ... pre 4),

wherein Clk_Cnt,.,,, »,. denotes a previous accumulated
clock count value.

[0056] In process block 603, calculate a current phase cor-
rection parameter PPM,,. .. ¢, & current frequency correc-
tion parameter PPM,,, ., and a current total correction
parameter PPMy, ., (., in accordance with equations (5), (6)

and (7), respectively, as provided below:

PPMppace cir==ClK 3 Cityppm cip*CONST g,

Loop/ CONSTr,_cne ®)»

PPMp., c,=((Delta_Clk_Cnt*CONSTppy)Frm_
Cnt+PPMz s pre (6),

and

PPMrprai_cio™PPMppase_cuotPPMpeq_cur ),

wherein  CONST,p,,~(Clk_Prd*10°)/Frm_Prd, wherein
CONST g5 100p represents a phase loop constant that is less
than 1, and wherein CONST,,, ., represents an estimated
number of frames between calculations. If first measurement,
PPM,,, is set to 0 instead.

[0057] Inprocess block 604, update a previous total correc-
tion parameter PPM,.; 5, and a previous accumulated
clock count value CIk_Cnt ,__,,. . inaccordance with equa-
tions (8) and (9), respectively, as provided below:

ase_Cur

PPMrtar pre=PPM piar_cur (®),

and

Clk_Cntyeerm pre=Cl Chtscim cur ©).

If first measurement, Clk_Cnt,,..,,,, 5. 1S set to 0 instead.

[0058] In process block 605, lookup an D/A value corre-
sponding to the current total correction parameter PPM, .,
w0 and update the slave clock 13 by writing the D/A value to
the converter 16.

[0059] In one preferred embodiment of the present inven-
tion, the current frequency correction parameter PPMy,,., .

is derived in accordance with equations (10)-(12), as provided
below:
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Delta_Clk_Cntp,,,.,~PPMp,, ... p,.*Frm_Cnt/CON-
STppur (10),

DeltaﬁClkﬁCntpreq:Deltafclkfcm—DeltaﬁClkﬁCnt—
Phase 1D,

and

PPMg,., c,=—Delta_Clk_Cntg,, *CONSTpp;/Frm_
Cnt+PPMpey pre (12),

wherein PPM,,,.. ». denotes a previous phase correction
parameter, and wherein PPM,,, 4 pre denotes a previous fre-
quency correction parameter.

[0060] In one preferred embodiment of the invention, the
current frequency correction parameter PPM,,, ., may be
substituted in accordance with equation (13), as provided
below:

PPMp,.., c,,=—Delta_Clk_Cnt*CONSTppy/Frm_
Ct+PPMpyee_pretPPMprey pre (13).

[0061] In one preferred embodiment of the present inven-
tion, the current frequency correction parameter PPMy.,,., .
may further be substituted in accordance with equation (14),
as provided below:
PPMy,., c,,~—Delta_Clk_Cnt*CONSTppy/Frm_
Cnt+PPMy, .01 pre (14).

[0062] FIG. 10 is an example timing diagram 300 illustrat-
ing clock synchronization between a system master clock 14
of a base unit 11 and a slave clock 13 of a mobile unit 12, in
accordance with a preferred embodiment of the invention. As
shown in FIG. 10, frames 1 from the mobile unit 12 drift over
time and fall out of alignment. To prevent further drifting,
adjustments to the slave clock 13 must factor in differences in
frequency between the system master clock 14 and the slave
clock 13. Further, to pull the frames back into alignment,
adjustments to the slave clock 13 must also account for dif-
ferences in phase between the system master clock 14 and the
slave clock 13. To compensate for differences in phase, the
mobile unit 12 pulls the slave clock 13 clock by a different
amount than is needed to correct differences in frequency.
During each measurement pass (e.g., a first measurement at
time t,, a second measurement at time t,, a third measurement
attime t;), the mobile unit 12 determines how much of a time
difference A, (e.g., a first time difference A,; between the base
unit 11 and the mobile unit 12 measured in units of number of
mobile unit clock cycles Clk_Cnt,__,,..;» @ second time dif-
ference A,, between the base unit 11 and the mobile unit 12
measured in units of number of mobile unit clock cycles
Clk_Cnt,,.., .2, @ third time difference A,; between the base
unit 11 and the mobile unit 12 measured in units of number of
mobile unit clock cycles Clk_Cnt,__,,.,;) measured is attrib-
utable to frequency drift and adjustments made to the slave
clock 13 during a previous measurement pass. The mobile
unit 12 compensates for differences in frequency and/or
phase between the system master clock 14 and the slave clock
13 by pulling the slave clock 13. The frame counter 420 and
clock counter 410 maintained by the mobile unit 12 may not
be adjusted to prevent slips in frames (e.g., slips in audio
samples).

[0063] For example, upon powering up/on at start time to
and receiving a frame 1 from the base unit 11 during a base
unit time slot 120, the mobile unit 12 resets its counters 410,
420, and aligns its frames 1 in accordance with the frame
structure 110. The mobile unit 12 begins a first calculation
loop/cycle during which the mobile unit 12 waits during a first
wait period WaitPeriod, between t,-t, for a minimum number
of frames 1 to transpire. Let Tz, and T, denote a frame
period of the base unit 11 and the mobile unit 12 in the first
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wait period WaitPeriod,, respectively. As the frame counter
420 and the clock counter 410 are not reset during the first
wait period WaitPeriod,, the mobile unit frame reference
drifts and falls out of alignment with the base unit frame
reference. The first loop ends when the mobile unit 12
receives a frame 1 from the base unit 11 during a base unit
time slot 120 after the minimum number of frames 1 has
transpired. At the end of the first loop, the mobile unit 12
computes/performs a first measurement at time ti by calcu-
lating a first time difference A,, and clock error correction
parameters, and adjusting the slave clock 13 based on the
clock error correction parameters calculated. The clock error
correction parameters calculated at the first measurement
pass factors in differences in frequency; clock error correc-
tion parameters calculated at the first measurement pass does
not factor differences in phase between the system master
clock 14 and the slave clock 13. The clock counter 410 is reset
after the first measurement to align the mobile unit frame
reference with the base unit frame reference. Let Num-
Frames, denote the number of frames 1 that has transpired
during the first loop. WaitPeriod, is measured in units of the
number of frames NumFrames, transpired.

[0064] Inoneembodiment, the frame counter 420 gets reset
after every measurement.

[0065] The mobile unit 12 begins a second loop during
which the mobile unit 12 waits during a second wait period
WaitPeriod, between t,-t; for a minimum number of frames 1
to transpire. Let Tz, and Ty, , denote a frame period of the
base unit 11 and the mobile unit 12 in the second wait period
WaitPeriod,, respectively. The mobile unit frame reference
may drift and fall out of alignment with the base unit frame
reference. The second loop ends when the mobile unit 12
receives a frame 1 from the base unit 11 during a base unit
time slot 120 after the minimum number of frames 1 has
transpired. At the end of the second loop, the mobile unit 12
computes/performs a second measurement at time t, by cal-
culating a second time difference A,, and clock error correc-
tion parameters, and adjusting the slave clock 13 based on the
clock error correction parameters calculated. The clock error
correction parameters calculated at the second measurement
pass factors in differences in frequency and phase. The clock
counter 410 is not adjusted. Let NumFrames, denote the
number of frames 1 that has transpired during the second
loop. WaitPeriod, is measured in units of the number of
frames NumFrames, transpired.

[0066] The mobileunit 12 begins a third loop during which
the mobile unit 12 waits during a third wait period WaitPe-
riod; between t;-t, for a minimum number of frames 1 to
transpire. Let Trz; and T, 5 denote a frame period of the base
unit 11 and the mobile unit 12 in the third wait period Wait-
Period,, respectively. The mobile unit frame reference may
drift and fall out of alignment with the base unit frame refer-
ence. The third loop ends when the mobile unit 12 receives a
frame from the base unit 11 during a base unit time slot 120
after the minimum number of frames 1 has transpired. At the
end of the third loop, the mobile unit 12 computes/performs a
third measurement at time t; by calculating a third time dif-
ference A and clock error correction parameters, and adjust-
ing the slave clock 13 based on the clock error correction
parameters calculated. The clock error correction parameters
calculated at the second measurement pass factors in differ-
ences in frequency and phase. The clock counter 410 is not
adjusted. Let NumFrames; denote the number of frames 1
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that has transpired during the third loop. WaitPeriod, is mea-
sured in units of the number of frames NumFrames; tran-
spired.

[0067] Subsequent time difference measurements (i.e., the
second time difference Ate measured, the third time differ-
ence A,; measured) factor differences in frequency and/or
phase between the system master clock 14 and the slave clock
13.

[0068] During communication with the base unit 11, the
mobile unit 11 continues as described above to pull its frames
into alignment until a measured time difference A, approaches
zero. As the base unit 11 and the mobile unit 12 are in lock,
and the mobile unit 12 computes/performs a measurement
before frames 1 from the base unit 11 and the mobile unit 12
drift too far apart, the number of frames from the base unit 11
and the number of frames from the mobile unit 12 during each
loop will be the same or substantially similar.

[0069] During each loop, not every frame 1 from the base
unit 11 needs to be received by the mobile unit 12.

[0070] The method of maintaining clock synchronization
and frame alignment as described herein are applicable to the
digital systems/networks in FIGS. 1-4, as well as other sys-
tems.

[0071] In one example implementation, the method of
maintaining clock synchronization and frame alignment as
described herein may be utilized in audio applications to
provide synchronous audio quality with low latency and slips
throughout an end-to-end chain between a first communica-
tion device (e.g., a base unit with a system master clock) and
a second communication device (e.g., a mobile unit with a
slave clock).

[0072] In one preferred embodiment of the present inven-
tion, a phase difference between the system master clock 14
and the slave clock 13, on average, will be zero. In one
embodiment, the phase of the system master clock 14 is not
locked with the phase of the slave clock 13 at any point in
time.

[0073] FIG. 11 is a high level block diagram showing a
computer system 700 useful for implementing a preferred
embodiment of the present invention. The computer system
700 includes one or more processors 711, and can further
include an electronic display device 712 (for displaying
graphics, text, and other data), a main memory 713 (e.g.,
random access memory (RAM)), storage device 714, remov-
able storage device 715 (e.g., removable storage drive,
removable memory module, a magnetic tape drive, optical
disk drive, computer readable medium having stored therein
computer software and/or data), user interface device 716
(e.g., keyboard, touch screen, keypad, pointing device), and a
communication interface 717 (e.g., modem, a network inter-
face (such as an Ethernet card), a communications port, or a
PCMCIA slot and card). The communication interface 717
allows software and data to be transferred between the com-
puter system and external devices. The system further
includes a communications infrastructure 718 (e.g., a com-
munications bus, cross-over bar, or network) to which the
aforementioned devices/modules are connected as shown.
[0074] Information transferred via communications inter-
face 717 may be in the form of signals such as electronic,
electromagnetic, optical, or other signals capable of being
received by communications interface 717, via a communi-
cation link that carries signals and may be implemented using
wire or cable, fiber optics, a phone line, a cellular phone link,
an radio frequency (RF) link, and/or other communication
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channels. Computer program instructions representing the
block diagram and/or flowcharts herein may be loaded onto a
computer, programmable data processing apparatus, or pro-
cessing devices to cause a series of operations performed
thereon to produce a computer implemented process.

[0075] Computer programs (i.e., computer control logic)
are stored in main memory and/or secondary memory. Com-
puter programs may also be received via a communications
interface. Such computer programs, when executed, enable
the computer system to perform the features of the embodi-
ments as discussed herein. In particular, the computer pro-
grams, when executed, enable the processor and/or multi-
core processor to perform the features of the computer
system. Such computer programs represent controllers of the
computer system.

[0076] Embodiments can also be implemented in different
ways such as firmware, as logic circuits, integrated circuits, as
field-programmable gate array (FPGA), application specific
integrated circuit (ASIC), as hardware only, as software only,
as hardware and software.

[0077] The present invention has been described in consid-
erable detail with reference to certain preferred versions
thereof; however, other versions are possible. The above
description is made for the purpose of illustrating the general
principles of the present invention and is not meant to limit the
inventive concepts claimed herein. Further, particular fea-
tures described above can be used in combination with other
described features in each of the various possible combina-
tions and permutations. Unless otherwise specifically defined
herein, all terms should be given their broadest possible inter-
pretation including meanings implied from the specification
as well as meanings understood by those skilled in the art
and/or as defined in dictionaries, treatises, etc. Therefore, the
spirit and scope of the appended claims should not be limited
to the description of the preferred versions contained herein.

[0078] The terminology used herein is for the purpose of
describing particular embodiments only and is not intended to
be limiting of the invention. As used herein, the singular
forms “a”, “an” and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
It will be further understood that the terms “comprises” and/
or “comprising,” when used in this specification, specify the
presence of stated features, integers, steps, operations, ele-
ments, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps,
operations, elements, components, and/or groups thereof.

[0079] The corresponding structures, materials, acts, and
equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material,
or act for performing the function in combination with other
claimed elements as specifically claimed. The description of
the present invention has been presented for purposes of
illustration and description, but is not intended to be exhaus-
tive or limited to the invention in the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill in the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described in order to best explain the principles of the inven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.
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What is claimed is:

1. A first communication device, comprising:

a first system clock;

a processor; and

a non-transitory processor-readable memory device stor-

ing instructions that when executed by the processor

causes the processor to perform operations including:

exchanging one or more frames with a second commu-
nication device comprising a second system clock;
and

maintaining clock synchronization between the first sys-
tem clock and the second system clock.

2. The first communication device of claim 1, wherein the
first communication device and the second communication
device exchange frames over a wired connection or a wireless
connection.

3. The first communication device of claim 1, wherein the
exchanging one or more frames with the second communica-
tion device comprises:

receiving at least one incoming frame from the second

communication device; and

transmitting at least one outgoing frame to the second

communication device.

4. The first communication device of claim 3, wherein
outgoing frames transmitted to the second communication
device are aligned in accordance with a frame structure.

5. The first communication device of claim 4, wherein the
frame structure is divided into a plurality of time slots, the
plurality of time slots includes at least one time slot desig-
nated for the second communication device, and the plurality
of time slots further include at least one other time slot des-
ignated for the first communication device.

6. The first communication device of claim 5, wherein the
maintaining clock synchronization between the first system
clock and the second system clock comprises:

counting number of frames that has transpired; and

determining whether a pre-determined number of frames

has transpired based upon the number of frames
counted.

7. The first communication device of claim 6, wherein the
maintaining clock synchronization between the first system
clock and the second system clock further comprises:

adjusting the first system clock in real-time upon satistying

each of the following conditions: the pre-determined
number of frames has transpired, and an incoming frame
from the second communication device is received dur-
ing a time slot designated for the second communication
device.

8. The first communication device of claim 5, wherein the
operations further include:

determining a first difference in phase between the first

system clock and the second system clock;
determining a second difference in frequency between the
first system clock and the second system clock; and
maintaining frame alignment for outgoing frames trans-
mitted to the second communication device by adjusting
the first system clock based on each difference deter-
mined.

9. A method, comprising:

at a first communication device comprising a first system

clock:

exchanging one or more frames with a second commu-
nication device comprising a second system clock;
and
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maintaining clock synchronization between the first sys-
tem clock and the second system clock.

10. The method of claim 9, wherein the first communica-
tion device and the second communication device exchange
frames over a wired connection or a wireless connection.

11. The method of claim 9, wherein the exchanging one or
more frames with the second communication device com-
prises:

receiving at least one incoming frame from the second

communication device; and

transmitting at least one outgoing frame to the second

communication device.

12. The method of claim 11, wherein outgoing frames
transmitted to the second communication device are aligned
in accordance with a frame structure.

13. The method of claim 12, wherein the frame structure is
divided into a plurality oftime slots, the plurality of time slots
includes at least one time slot designated for the second
communication device, and the plurality of time slots further
include at least one other time slot designated for the first
communication device.

14. The method of claim 13, wherein the maintaining clock
synchronization between the first system clock and the sec-
ond system clock comprises:

counting number of frames that has transpired; and

determining whether a pre-determined number of frames

has transpired based upon the number of frames
counted.

15. The method of claim 14, wherein the maintaining clock
synchronization between the first system clock and the sec-
ond system clock further comprises:

adjusting the first system clock in real-time upon satisfying

each of the following conditions: the pre-determined
number of frames has transpired, and an incoming frame
from the second communication device is received dur-
ing a time slot designated for the second communication
device.

16. The method of claim 13, further comprising:

determining a first difference in phase between the first

system clock and the second system clock;
determining a second difference in frequency between the
first system clock and the second system clock; and
maintaining frame alignment for outgoing frames trans-
mitted to the second communication device by adjusting
the first system clock based on each difference deter-
mined.

17. A non-transitory computer-readable medium storing
instructions that, when executed by at least one processor of
amachine, cause the machine to perform operations compris-
ing:
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at a first communication device comprising a first system
clock:

exchanging one or more frames with a second commu-
nication device comprising a second system clock;
and

maintaining clock synchronization between the first sys-
tem clock and the second system clock.

18. The non-transitory computer-readable medium of
claim 17, wherein the exchanging one or more frames with
the second communication device comprises:

receiving at least one incoming frame from the second
communication device; and

transmitting at least one outgoing frame to the second
communication device, wherein outgoing frames trans-
mitted to the second communication device are aligned
in accordance with a frame structure divided into a plu-
rality of time slots, the plurality oftime slots including at
least one time slot designated for the second communi-
cation device, and the plurality of time slots further
including at least one other time slot designated for the
first communication device.

19. The non-transitory computer-readable medium of
claim 18, wherein the maintaining clock synchronization
between the first system clock and the second system clock
comprises:

counting number of frames that has transpired;

determining whether a pre-determined number of frames
has transpired based upon the number of frames
counted; and

adjusting the first system clock in real-time upon satistying
each of the following conditions: the pre-determined
number of frames has transpired, and an incoming frame
from the second communication device is received dur-
ing a time slot designated for the second communication
device.

20. The non-transitory computer-readable medium of
claim 18, wherein the operations further comprise:

determining a first difference in phase between the first
system clock and the second system clock;

determining a second difference in frequency between the
first system clock and the second system clock; and

maintaining frame alignment for outgoing frames trans-
mitted to the second communication device by adjusting
the first system clock based on each difference deter-
mined.



