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(57) Abstract: According to some embodiments, a master device sends synchronization packets to one or more slave devices, and
does so periodically based on a master clock signal having a master clock frequency. At each of the slave devices, an algorithm es -
timates the master clock frequency based on the timing of synchronization packet arrivals the slave device. The algorithm may estim -
ate the master clock frequency using both the currently-observed timing of synchronization packet arrivals and the history of previ-
ous synchronization packet arrivals (e.g., previously-observed timing of synchronization packet arrivals). Based on the estimated
master clock frequency, each of the one or more slave devices can update the frequency of their respective slave clock signal (e.g.,
using a frequency offset) to match that of the estimated master clock frequency.
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SYSTEMS AND METHODS FOR TRANSPORTING
A CLOCK SIGNAL OVER A NETWORK

BACKGROUND

1. Field of the Invention(s)

[001] The present invention(s) relate to synchronization, and more particularly, to systems

and methods for network synchronization.
2. Description of Related Art

[002] Synchronized time information is important for distributed systems, particularly
those containing distributed components networked together using wired or wireless networks
(e.g., a microwave network). Synchronous Ethernet (SyncE) is just one solution utilized in
distributing clock synchronization information over a network. SyncE is an ITU-T standard
for transporting a clock signal over an Ethernet network layer. ITU-T G.8261 defines the
architecture of SyncE networks, and ITU-T G.8262 specifies Synchronous Ethernet clocks for
SyncE (i.e., specifies G.8262-compliant clock signal). According to its specification, SyncE is
designed to be compatible with Synchronous Digital Hierarchy (SDH) networks.

[003] The Precision Time Protocol (PTP), as described in IEEE 1588, is another method
for synchronizing clocks of distributed components over a network. Under PTP, clock
distribution is facilitated through a master-slave architecture using one or more clocks.
According to PTP, an ordinary clock is a network device that has a single network connection
and that is either a source (mater node) or a destination (slave node) for clock synchronization
reference over PTP. A boundary clock is a network device that has multiple network
connections and that is used to bridge clock synchronization between different network
segments using PTP. A transparent clock is a device that modifies PTP messages (e.g.,
modifies message timestamp) as they pass through the device. When a network consists of
IEEE 1588 aware devices (i.e., ordinary clocks, boundary clocks, or transparent clocks), high
precision clock synchronization can be obtained with very simple clock servo algorithms to
determine rate adjustments and time corrections. With PTP, sophisticated processing is not

necessary as only simple averaging or filtering of the protocol measurements is required.

[004] Though use of PTP has very low demands on local clocks and networks, in order to

implement PTP, the components on the network must be configured (i.c., include additional
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hardware and/or firmware) to take advantage of PTP. When a network consists of devices that
are not IEEE 1588 aware, packet delay variation (PDV) is often present and can be significant.
Additionally, clock synchronization using PTP requires feedback from a slave node to a master
node and, at times, may require recovery at the slave node of both the frequency and the phase of

the clock at a master node in order to synchronize a clock at the slave node.
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SUMMARY OF EMBODIMENTS

[005] Various embodiments described herein provide systems, methods, and apparatuses
relating to synchronization and, more particularly, clock synchronization over a network, such
as a microwave network, between a master digital device (hereafter, “master device”) and one
or more slave digital devices (hereafter, “slave devices”). Master and slave devices may be

regarded as nodes of a network, such as a microwave network.

[006] According to some embodiments, a system relating to a master device is provided,
where the system comprises a clock module, a counter module, a packet generation module,
and a communication module. The clock module may be configured to provide the system
with a master clock signal having a master clock frequency, and may be further configured to
synchronize the master clock signal based on a primary reference clock, such as SyncE
reference clock. The clock module may comprise a stratum 3 oscillator. The counter module
may be configured to maintain a counter value based on the master clock signal. The packet
generation module may be configured to monitor the counter value and generate a
synchronization packet when the counter value satisfies a condition. Depending on the
embodiment, the condition may include the counter value reaching or exceeding a predefined
value. The communication module may be configured to transmit the synchronization packet
from a master device to a slave device. Additionally, the system may be included in (e.g., as
part of) a split-mount microwave system configured to transmit the synchronization packet
from the master device to the slave device. For some embodiments, the synchronization packet
is transmitted from the master device to a plurality of slave devices, which may be achieved

through multicast communication from the master device to the slave devices.

[007] According to some embodiments, a system relating to a slave device is provided,
where the system comprises a packet monitoring module, a clock module, a counter module, a
clock frequency estimation module, and a frequency offset module. The packet monitoring
module may be configured to monitor for and detect receipt of a synchronization packet from a
master device. The clock module may be configured to provide a slave clock signal having a
slave clock frequency. The counter module may be configured to maintain a counter value
based on the slave clock signal. The clock frequency estimation module may be configured to
receive from the counter module a current counter value and determine an estimated clock
frequency of the master device based on the current counter value. The clock frequency

estimation module may be further configured to determine the estimated clock frequency for
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the master device further based on a previously estimated clock frequency for the master
device. The clock frequency estimation module may be further configured to determine the
estimated clock frequency for the master device by using an algorithm that uses a Kalman filter
with the current counter value and with the previously estimated clock frequency for the master
device. The current counter value may be used as currently-observed packet arrival timing,
and the previously estimated clock frequency may be used as the previously-observed
synchronization packet arrival timing. The current counter value may be a counter value
obtained from the counter module in response to the packet monitoring module detecting the
receipt of the synchronization packet form the master device. The frequency offset calculation
module may be configured to calculate a frequency offset based on the estimated clock
frequency of the master device and the slave clock frequency. The system may further
comprise a communication module configured to receive the synchronization packet from the
master device. The system may be included in (e.g., as part of) a split-mount microwave
system configured to receive the synchronization packet from the master device. Depending
on the embodiment, the clock module may be further configured to update the slave clock
frequency based on the frequency offset. For some embodiments, upon convergence of the
algorithm (e.g., after multiple iterations of the algorithm), the estimated clock frequency for the
master device will become so accurate that the frequency offset calculated based on the
estimated clock frequency will cause the slave clock frequency to become a replica of the
clock frequency of the master device. Additionally, the system may further comprise a buffer
module configured to receive synchronization packets before the synchronization packets are

detected by the packet monitoring module.

[008] According to various embodiments, a system comprises a master device and at least
one slave device, each of which includes some or all of the components or functionality
described herein. Additionally, in some embodiments, a computer system, or a computer
program product, comprises a computer readable medium having computer program code (i.c.,
executable instructions) executable by a processor to perform various steps and operation

described herein.
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BRIEF DESCRIPTION OF THE DRAWINGS

[009] The drawings are provided for purposes of illustration only and merely depict
typical or example embodiments. These drawings are provided to facilitate the reader’s
understanding and shall not be considered limiting of the breadth, scope, or applicability

various embodiments.

[0010] FIG. 1 depicts an example environment including a master device and a slave

device communicating over a communication network in accordance with some embodiments.

[0011] FIG. 2 depicts an example environment including a master device and a slave

device communicating over a communication network in accordance with some embodiments.

[0012] FIG. 3 depicts an example environment including a master device and a slave

device communicating over a communication network in accordance with some embodiments.

[0013] FIG. 4 is a block diagram of an example digital access card (DAC) in a master

device in accordance with some embodiments.

[0014] FIG. 5 is a block diagram of an example digital access card (DAC) in a slave device

in accordance with some embodiments.

[0015] FIG. 6 is a flow diagram of an example method for clock synchronization in

accordance with some embodiments.

[0016] FIG. 7 is a flow diagram of an example method for clock synchronization in

accordance with some embodiments.

[0017] FIG. 8 is a block diagram of an example transceiver module utilized in clock

synchronization in accordance with some embodiments.
[0018] FIG. 9 depicts an example digital device according to some embodiments.

[0019] The figures are not intended to be exhaustive or to limit the embodiments to the
precise form disclosed. It should be understood that various embodiments may be practiced

with modification and alteration.
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DETAILED DESCRIPTION OF VARIOUS EMBODIMENTS

[0020] Various embodiments described herein provide systems, methods, and apparatuses
relating to synchronization and, more particularly, clock synchronization over a network

between a master digital device and one or more slave digital devices.

[0021] According to some embodiments, a master device sends synchronization packets to
one or more slave devices, and does so periodically based on a master clock signal having a
master clock frequency. At each of the slave devices, an algorithm estimates the master clock
frequency based on the timing of synchronization packet arrivals at the slave device. The
algorithm may estimate the master clock frequency using both the currently observed timing of
synchronization packet arrivals and the history of previous synchronization packet arrivals
(e.g., previously observed timing of synchronization packet arrivals). Based on the estimated
master clock frequency, each of the one or more slave devices can update the frequency of
their respective slave clock signal (e.g., using a frequency offset) to match that of the estimated

master clock frequency.

[0022] For some embodiments, a Synchronous Ethernet (G.8262) compliant clock signal is
transported over a microwave network from a master device to one or more slave devices. In
particular, a master clock signal at the master device may be synchronized with (e.g., locked
to) a primary reference clock (PRC), and may be distributed from the master device to multiple

slave devices simultancously, possibly using multicast communication.

[0023] In various embodiments, a master device maintains a local counter and transmits a
synchronization packet to one or more slave devices each time a count value of the local
counter reaches a predefined value. In some embodiments, the local counter is configured and
the predefined value is set such that synchronization packets are sent to slave devices at a
constant interval. The master device may utilize a digital phase locked loop (DPLL)
synchronized with (e.g., locked to) the PRC to produce a master clock signal from which the
local counter is driven. For some embodiments, the synchronization packets are transported
from the master device to the slave devices by a microwave network, possibly using dedicated

out of band channels of limited capacity (e.g., 64 Kbps to 2.048 Mbps is utilized).

[0024] For some embodiments, a given slave device recovers the master clock frequency
of the master clock based on the timing at which synchronization packets are received by the
slave device. Upon recovering the master clock frequency, the slave device can replicate the

master clock frequency by controlling a frequency offset of a local free running DPLL at the
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slave device. This can be achieved by maintaining, at the salve device, a local counter driven
by the frequency of the local free running DPLL. At the moment that the slave device receives
a synchronization packet from the master device, the slave device can latch its local counter
and interrupt a main processor for retrieval of a current counter value from the local counter.
This current counter value may be used to run an algorithm that estimates the master clock
frequency. Based on the estimated master clock frequency, the slave device can calculate a
frequency offset adjustment needed to match a frequency locally synthesized at the slave
device (e.g., a slave clock frequency generated through a slave DPLL separate from the local
free running DPLL) to the estimated master clock frequency. The frequency-offset adjustment
needed may depend on whether the current counter value is larger than expected or lower than
expected. For instance, if the current counter value is larger than expected, the slave device
may determine that the locally synthesized frequency is higher than expected and the
frequency offset adjustment should be reduced, and if the current counter value is smaller than
expected, the slave device may determine that the frequency offset adjustment should be
increased. The algorithm may utilize the current counter value and historical estimates of the
master clock frequency, as computed in previous iterations of the algorithm, to filter out
instantaneous variations of the counter value. Based on the estimated master clock frequency,
the frequency-offset adjustment can be implemented by adjusting the offset of a slave DPLL to

a new frequency that matches the estimated master clock frequency.

[0025] For some embodiments, systems, methods, and apparatuses described herein deliver
ITU-T G.8262 compliant clock over a network from a master device, which may be
synchronized with a primary reference clock (PRC), to one or more slave devices over a
network, which may be located several network hops (e.g., wireless hops) away from the
master device. Various embodiments compensate for jitter, wander accumulation, or both,
which may be caused by bit stuffing operations (stuffing operations) over a backplane or a
radio link. For some embodiments, clock synchronization between a master device and one or
more slave devices is achieved without requiring feedback from the slave devices to the master
device, unlike synchronization via PTP in accordance with IEEE 1588. Some embodiments
are agnostic to the transportation medium utilized between a master device and one or more
slave devices. For instance, systems, methods, and apparatuses described herein may be
agnostic to packets traveling over different transportation media, such as TDM backplanes or
wireless channels. Particular embodiments provide improved synchronization performance

over clock synchronization solutions provided by an El1 or T1 clock source. Some
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embodiments compensate for instabilities (e.g., short-term stability, such as short-term
frequency changes) that can exist in the local reference clocks at slave devices and, in doing so,
can allow for such slave devices to utilize lower-quality crystal oscillator (TCXO), such as a
stratum 3 oscillator. The TCXO utilized may be lower in quality than TCXOs typically
utilized by slave devices when achieving clock synchronization using IEEE 1588. For some
embodiments, slave devices achieve clock synchronization with a master device by only
recovering a master clock frequency and not a master clock phase. Additionally, some
embodiments transport clock quality level information (QL) through synchronization packets

transmitted from a master device to a slave device.

[0026] FIG. 1 depicts an example environment 100 including a master device 102 and a
slave device 110 communicating over a communication network in accordance with some
embodiments. As shown, the master device 102 is coupled to an antenna 104, the slave device
110 is coupled to an antenna 108, and the master device 102 and the slave device 110 are
communication with each other using their antennae 104/108 over one or more wireless
communication towers 106. Those skilled in the art will appreciate that the master device 102
and the slave device 110, individually or together, may communicate with any digital device or
receiver. Although only the single wireless communication tower 106 is depicted in FIG. 1,
the master device 102 and the slave device 110 may communicate over any number of network
elements including any number of wireless communication towers, routers, servers, bridges,

hubs, other digital devices, or the like.

[0027] As described herein, the master device 102 and the slave device 110 may be both
digital devices. A digital device is any device with a processor and memory. In some
embodiments, the master device 102 or the slave device 110 may comprise a transmitter,
receiver transceiver, or the like. Examples of digital devices are further described with
reference to FIG. 9. Depending on some embodiments, one or both of the master device 102
and the slave device 110 may include a split-mount transceiver, which may be configured for

transmission or reception of microwave signals.

[0028] The master device 102 may comprise a master clock that generates a master clock
signal having a master clock frequency. Likewise, the slave device 110 may comprise a slave
clock. A master clock may be any clock, reference clock, or clock servo that may be used for
synchronization of a slave clock of the slave device 110. The slave clock may be any clock or

clock servo that may be synchronized with a master clock of the master device 102.
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[0029] The wireless communication tower 106 (e.g., cell tower or other microwave radio
device) may be any device(s) configured to receive or transmit wireless information. Although
FIG. 1 depicts the master device 102 and the slave device 110 communicating over the single
wireless communication tower 106, the wireless communication tower 106 should be
understood to represent any network configured to allow communication between any number
of digital devices and/or network elements (e.g., routers, switches, bridges, servers, and/or
hubs). The wireless communication tower 106 may comprise the Internet, a LAN, WAN, or
any other network. The wireless communication tower 106 may be or comprise a microwave,
LTE, WiMax, 4G, 3G, or other wireless network. For example, the master device 102 and the
slave device 110 may comprise radio frequency units implemented within a microwave
network. Additionally, the wireless communication tower 106 should be understood to include

wireless clements, wired elements, or a combination of wireless and wired elements.

[0030] Those skilled in the art will appreciate that systems, methods, and apparatuses
described herein may be utilized over any wired or wireless network including Ethernet and

WiF1 networks.

[0031] The master device 102 may be configured to transport a Synchronous Ethernet
(G.8262) compliant clock signal to the slave device 110 over the wireless communication
tower 106. In particular, the master device 102 may be configured to facilitate synchronization
of a slave clock signal at the slave device 110 with a master clock signal at the master device
102. The master clock signal at the master device 102 may be synchronized with (e.g., locked
to) a primary reference clock (PRC).

[0032] According to various embodiments, the master device 102 sends synchronization
packets to the slave device 110, and does so periodically based on the master clock signal. At
the slave device 110, an algorithm may estimate the master clock frequency based on the
timing of synchronization packet arrivals at the slave device 110. The algorithm may estimate
the master clock frequency using both the currently observed timing of synchronization packet
arrivals and the history of previous synchronization packet arrivals. Because the generation of
synchronization packets at the master device 102 may be according to a counter driven by a
master clock signal having a master clock frequency, the slave device 110 can utilize the
arrival time of those synchronization packets at the slave device 110 to deduce the master

clock frequency of the master clock signal.
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[0033] Using the estimated master clock frequency, the slave device 110 can update its
slave clock signal such that its frequency matches that of the estimated master clock frequency.
In some embodiments, the algorithm at the slave device 110 converges upon a more accurate
estimate of the master clock frequency after two or more iterations of the master device 102
sending a synchronization packet, the slave device 110 receiving the synchronization packet,
the algorithm estimating the master clock frequency, and the slave device 110 updating its
slave clock signal using the latest estimation of the master clock frequency. The
synchronization between the slave clock signal and the master clock frequency may improve as
the algorithm converges upon a more accurate estimation of the master clock frequency. For
some embodiments, upon convergence of the algorithm, the estimated master clock frequency
will become sufficiently accurate that the frequency offset calculated based on the estimated
master clock frequency will cause the slave clock frequency of the slave device 110 to

substantially replicate the master clock frequency of the master device 102.

[0034] Although only two devices are depicted in FIG. 1, those skilled in the art will
appreciate that any number of digital devices may be synchronized to one or more digital
devices. For example, the master device 102 may synchronize clocks of any number of slave
devices. Further, the slave device 110 may have multiple clocks synchronized with any

number of master digital devices.

[0035] FIG. 2 depicts an example environment 200 including the master device 102 and
the slave device 110 communicating over a communication network in accordance with some
embodiments. In FIG. 2, the master device 102 comprises a master clock module 202, a
master counter module 204, a packet generation module 206, and a master communication
module 208. The slave device 110 comprises a slave clock module 210, a slave counter
module 212, a slave communication module 214, a packet monitoring module 216, a clock

frequency estimation module 218, and a frequency offset calculation module 220.

[0036] As used herein, the term module might describe a given unit of functionality that
can be performed in accordance with one or more embodiments. As used herein, a module
might be implemented utilizing any form of hardware, software, or a combination thereof. For
example, one or more processors, controllers, ASICs, PLAs, PALs, CPLDs, DPLLs, FPGAs,
logical components, software routines or other mechanisms might be implemented to make up
a module. In implementation, the various modules described herein might be implemented as

discrete modules or the functions and features described can be shared in part or in total among

10
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one or more modules. Even though various features or elements of functionality may be
individually described or claimed as separate modules, one of ordinary skill in the art will
understand that these features and functionality can be shared among one or more common
software and hardware elements, and such description shall not require or imply that separate

hardware or software components are used to implement such features or functionality.

[0037] Where components or modules of some embodiments are implemented in whole or
in part using software, in some embodiments, these software elements can be implemented to
operate with a digital device capable of carrying out the functionality described with respect

thereto.

[0038] With respect to the master device 102, the master clock module 202 may be
configured to provide the master device 102 with a master clock signal having a master clock
frequency. The master clock module 202 may include a local oscillator, such as a stratum 3
oscillator, to assist in the generation of the master clock signal. The master clock module 202
may be further configured to synchronize the master clock signal based on a primary reference
clock (PRC), such as SyncE reference clock. For example, the master clock signal may be
locked to the PRC delivered by a SyncE signal. To facilitate clock synchronization with the
PRC, the master clock module 202 may utilize one or more digital phase-lock loops (DPLLSs)
driven by the clock signal of a local oscillator included in the master clock module 202. For
instance, a particular DPLL of the master clock module 202 may lock onto the PRC and then
provide a clock signal (e.g., the master clock signal) that replicates or substantially replicates

the clock signal provided by the PRC.

[0039] The master counter module 204 may be configured to maintain a counter value
driven by the master clock signal, which may be provided by the master clock module 202.
Depending on the embodiment, the master counter module 204 may be configured to
increment or decrement its counter value in relationship to the master clock signal and

associated master clock frequency.

[0040] The packet generation module 206 may be configured to monitor the counter value
maintained by the master counter module 204 and generate a synchronization packet when the
counter value satisfies a particular condition, such as the counter value reaching, exceeding or
falling below a predefined value, the counter value falling within a predefined range of values.
Depending on the embodiment, the condition may include one or more mathematical

operations with respect to the counter value, such as modulus operation. For example, the

11
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condition may be such that the condition is satisfied when performing a modulus operation on
the counter value and a predefined value determines that the counter value is a multiple of the
predefined value. Other conditions are also possible and may vary between different
embodiments. The synchronization packet generated by the packet generation module 206
may be any form of network packet suitable for transmission over a network, including

transmission over an Ethernet, WiFi, cellular, or microwave network.

[0041] The master communication module 208 may be configured to transmit the
synchronization packet from the master device 102 to the slave device 110 through the antenna
104 and over the wireless communication tower 106. For some embodiments, the
synchronization packet is transmitted from the master device 102 to a plurality of slave devices
including the slave device 110, which may be achieved through multicast communication from
the master device 102. As described herein, the master device 102 can provide clock
synchronization to the slave device 110 without the need for feedback from the slave device

110 (e.g., via packet communication from the slave device 110 to the master device 102).

[0042] With respect to the slave device 110, the slave clock module 210 may be configured
to provide the slave device 110 with a slave clock signal having a slave clock frequency.
Additionally, the slave clock module 210 may include a local oscillator, such as a stratum 3
oscillator, to assist in the generation of the slave clock signal. During the process of
synchronizing one or more slave clock signals (e.g., the slave clock signal) to a master clock
signal of the master device 102 (e.g., its master clock signal), the slave clock module 210 may
be configured to update or otherwise adjust various characteristics of the slave clock signals
provided by the slave clock module, including clock signal frequency or phase. For instance,
the slave clock module 210 may adjust the slave clock frequency of the slave clock signal,
possibly over multiple iterations, in order to synchronize the slave clock signal to the master
clock of the master device 102. A particular DPLL of the slave clock module 210 may be used
to implement a frequency offset to a clock signal being generated by or based on a local
oscillator included in the slave clock module 210. To facilitate clock synchronization with
another clock signal (e.g., another master device 102), the slave clock module 210 may utilize
another digital phase-lock loop (DPLL) driven by the clock signal of a local oscillator included

in the slave clock module 210.

[0043] The slave counter module 212 may be configured to maintain a counter value

driven by the slave clock signal, which may be provided by the slave clock module 210.

12
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Depending on the embodiment, the slave counter module 212 may be configured to increment
or decrement its counter value in relationship to the slave clock signal and associated slave

clock frequency.

[0044] The slave communication module 214 may be configured to receive
synchronization packets from the master device 102 over the wireless communication tower
106 and through the antenna 108. For some embodiments, the slave device 110 is one of a
plurality of slave devices receiving the synchronization packet from the master device 102 as
part of a multicast communication from the master device 102. As described herein, the slave
device 110 can achieve clock synchronization with the master device 102 without the need for
feedback from the slave device 110 (e.g., via packet communication from the slave device 110

to the master device 102).

[0045] The packet monitoring module 216 may be configured to monitor for and detect
receipt of synchronization packets from the master device 102. Depending on the
embodiment, the packet monitoring module 216 may detect receipt of a synchronization packet
at the time or shortly after the synchronization packet arrives at the slave device 110. For
instance, the packet monitoring module 216 may detect receipt of a synchronization packet
when the frame of the synchronization packet emerges from a FIFO packet buffer (e.g., of the
slave communication module 214) configured to receive inbound packets for the slave device
110. Upon detecting receipt of the synchronization packet, the current counter value of the

slave counter module 212 may be obtained for processing.

[0046] The clock frequency estimation module 218 may be configured to receive the
current counter value of the slave counter module 212 and determine, based on the current
counter value, an estimated clock frequency of a master clock signal of the master device 102.
In some embodiments, the estimated clock frequency is for a master clock signal utilized in the
generation of the synchronization packets at the master device 102. For example, the master
device 102 may utilize a master clock signal having a master clock frequency to generate
synchronization packets for transmission to the slave device 110 (e.g., master clock signal
drives the master counter module 204, which in turn drives the packet generation module 206),
and at the slave device 110 the clock frequency estimation module 218 may determine a clock
frequency that is equal or substantially close to the master the master clock frequency of the

master clock signal.

13
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[0047] Depending on the embodiment, the clock frequency estimation module 218 may use
an algorithm that, based on both the currently observed timing of synchronization packet
arrivals and the history of previous synchronization packet arrivals, estimates the master clock
frequency. In various embodiments, the observation of synchronization packet arrival times is
facilitated at the slave device 110 by the counter value obtained by the slave device 110 (e.g.,
via the slave counter module 212). For example, the algorithm may use the current counter
value combined with a history of one or more previous synchronization packet arrival counter
values and/or previous master clock frequency estimations (e.g., previously estimated by the
clock frequency estimation module 218). In some embodiments, the clock frequency
estimation module 218 may use the current counter value (e.g., as obtained from the slave
counter module 212 upon the packet monitoring module 216 detecting receipt of a
synchronization packet) and historical estimates computed in previous iterations to filter out

instantaneous variations of the counter value.

[0048] In various embodiments, the algorithm utilized for generating the estimated clock
frequency is intended to model synchronization packet arrivals (e.g., arrival timing) at the slave
device 110 as state equations in a linear dynamic system, with observed packet arrivals being
viewed as noisy observations of “ideal” packet arrivals. Such noisy observations may be due
to packet-delay variation (PDV) produced by stuffing operations performed at the master
device 102 (e.g., in the backplane or the radio links) or by short-term instability of the local
oscillator of the master device 102. Given the state-space and measurement
equations/descriptions, a specific Kalman filter may be derived for the system. Different
descriptions of the system will lead to different Kalman filter variants. By deploying first-
order approximations in the derivation, the estimate update equations can be simplified so that
no matrix calculation (otherwise required by a Kalman filter) is required, thereby simplifying

estimate calculations in, e.g., every step.

[0049] The frequency offset calculation module 220 may be configured to calculate a
frequency offset based on the estimated master clock frequency provided by the clock
frequency estimation module 218 and the current clock frequency of a slave clock signal
provided by the slave clock module 210. The frequency offset calculation module 220 may,
for example, compare the estimated clock frequency provided by the clock frequency
estimation module 218 to the current slave clock frequency of the slave clock signal and
calculate the frequency offset that would need to be applied the slave clock signal for the slave

clock frequency to match the estimated master clock frequency.
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[0050] As described herein, the frequency offset may be applied to a slave clock signal of
the slave device 110 by way of the slave clock module 210, which may include one or more
DPLLs that enable adjustment to the slave clock signal. As also described herein, the
algorithm at the slave device 110 may converge upon a more accurate estimate of a master
clock frequency of a master clock signal of the master device 102 after two or more iterations
of the master device 102 sending a synchronization packet, the slave device 110 receiving the
synchronization packet, the algorithm estimating the master clock frequency of the master
clock signal of the master device 102, and the slave device 110 updating its slave clock signal
using the latest estimation of the master clock frequency. The synchronization between the
slave clock signal and the master clock signal may improve as the algorithm converges upon a

more accurate estimation of the master clock frequency.

[0051] For some embodiments, one or more of the master clock module 202, the master
counter module 204, the packet generation module 206, and the master communication module
208 are implemented as part of an indoor unit (IDU) and/or outdoor unit (ODU) of a split-
mount radio system for the master device 102. Likewise, for some embodiments, one or more
of the slave clock module 210, the slave counter module 212, the slave communication module
214, the packet monitoring module 216, the clock frequency estimation module 218, and the
frequency offset calculation module 220 are implemented as part of an IDU and/or ODU of a
split-mount radio system for the slave device 110. An example of a split-mount radio system

is described and depicted herein with respect to FIG. 8.

[0052] FIG. 3 depicts an example environment 300 including the master device 102 and
the slave device 110 communicating over a communication network in accordance with some
embodiments. In FIG. 3, the master device 102 comprises a digital access card (DAC) 304
having a data line 302, a time-division multiplexing (TDM) bus backplane 306 coupled to the
DAC 304, a radio access card (RAC) 308 coupled to the TDM bus backplane 306, and an
outdoor unit (ODU) 310 coupled to the RAC 308. Likewise, the slave device 110 comprises a
digital access card (DAC) 318 having a data line 320, a time-division multiplexing (TDM) bus
backplane 316 coupled to the DAC 318, a radio access card (RAC) 314 coupled to the TDM
bus backplane 316, and an outdoor unit (ODU) 312 coupled to the RAC 314. According to
some embodiments, the configuration of the master device 102 and the slave device 110
depicted in FIG. 3 enables bi-directional communication of data traffic between the data line
302 and the data line 320 over one or more radio links. In FIG. 3, communication between the

master device 102 and the slave device 110 may be facilitated through radio links between the
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wireless communication tower 106 and each of the master device 102 and the slave device 110.
Those skilled in the art will appreciate that for some embodiments the components,
functionality, or configuration of either the master device 102 or the slave device 110 may

differ from what is described or depicted with respect to FIG. 3.

[0053] In some embodiments, each of the TDM bus backplanes 306 and 316 provides a
platform that interfaces one or more network interfaces with one or more radio paths. For
example, each of the TDM bus backplanes 306 and 316 may be configured to support and
couple to one or more cards (e.g., DACs, RACs, and the like) that facilitate the interfacing of
network interfaces with the radio paths. Each of the TDM bus backplanes 306 and 316 may
facilitate communication between their respective cards and, in doing so, may enable a
network interface (e.g., of a DAC) to communicate with a radio interface (e.g., of a RAC). The
types of cards coupled to each of the TDM bus backplanes 306 and 316 may vary between
different embodiments, and may include RACs, DACs, controller cards, and auxiliary cards
that provide various network/radio communication functionality. For some embodiments, each
of the TDM bus backplanes 306 and 316 combined with their respective cards implements a
separate indoor unit (IDU), intelligent node unit (INU), or extended INU (INUe), which may

be coupled to an ODU to facilitate wireless communication of network traffic.

[0054] According to some embodiments, each of the DACs 304 and 318 provides full
termination of network payload transported between the end points of data lines 302 and 320.
As such, each of the DACs 304 and 318 may provide one or more data interfaces for network
traffic access. For example, the DACs 304 and 318 may provide interfaces and functionality
for plesiochronous data hierarchy (PDH), synchronous data hierarchy (SDH), Ethernet, E1, T1,
and the like.

[0055] According to various embodiments, each of the RACs 308 and 314 provides an
interface to a radio transmitter/receiver. For instance, in FIG. 3, the RAC 308 may provide
such an interface to the ODU 310, and the RAC 314 may provide such an interface from the
ODU 312. Each of the RACs 308 and 314 may provide conversion between network traffic
data of their respective DACs 304/318 and radio signals of their respective ODUs 310/312.
The RAC 308 may, for example, convert network traffic received by the DAC 318 (e.g.,
through data line 302) to a radio signal suitable for transmission through ODU 310 as a radio
link. In another example, the RAC 314 may convert a radio signal received through the ODU
312 to network traffic accessible through the DAC 318 (e.g., through data line 320). To
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provide an interface to a radio transmitter/receiver, each of the RACs 308 and 314 may include
components for modulation/demodulation (e.g., modem), data error correction (e.g., forward
error correction [FEC]), adaptive equalization, intermediate frequency (IF) conversion, IF
loopback, automatic protection switching (e.g., for hot standby, diversity, or ring

configurations), and the like.

[0056] In some embodiments, each of the ODU 310 and 312 is disposed outdoors and
coupled to their respective antenna 104/108. For some embodiments, each of the ODU 310
and 312 are mounted with their respective antenna. Additionally, for some embodiments, each
of the ODU 310 and 312 include a radio frequency (RF) transmitter capable of transmitting RF
signals through an antenna, and a RF receiver capable of processing RF signals received
through an antenna. Each of the ODU 310 and 312 may be configured convert an RF signal,
received over a radio link, to an intermediate frequency (IF) signal and provide the resulting IF
signal to an RAC for conversion to network traffic. Each of the ODU 310 and 312 may also be
configured to convert an IF signal, provided by an RAC, to an RF signal suitable for

transmission over a radio link.

[0057] During a synchronization process, the DAC 304 of the master device 102 may
generate one or more synchronization packets based on a master clock signal and forward the
synchronization packets to the RAC 308 through the TDM bus backplane 306. At the RAC
308, the synchronization packets may be processed by a modem of the RAC 308 and
forwarded to the ODU 310 (e.g., as an IF signal). Subsequently, the ODU 310 may transmit
the synchronization packets to the wireless communication tower 106 over a radio link from
the antenna 104 to the wireless communication tower 106. The wireless communication tower
106, in turn, may relay the synchronization packets to the slave device 110 over a radio link

from the wireless communication tower 106 to the antenna 108.

[0058] The ODU 312 of the slave device 110 may receive the synchronization packets
through the antenna 108, and may provide the synchronization packets to the RAC 314 (e.g., as
an IF signal). The modem of RAC 314 may process the synchronization packets (e.g., IF
signal) as received from the ODU 312, and may provide the synchronization packets to the
DAC 318 of the slave device 110 via the TDM bus backplane 316. Thereafter, the DAC 318
of slave device 110 may use the synchronization packets to synchronize a slave clock signal at

the slave device 110 according to the master clock signal of the master device 102.
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[0059] FIG. 4 is a block diagram of the digital access card (DAC) 304 in the master device
102 in accordance with some embodiments. In FIG. 4, the DAC 304 comprises a
microcontroller module 400, a field-programmable gate array (FPGA) 402, a first phase-lock
loop (PLL) 404, a local oscillator 406, and a second PLL 408. Additionally, in FIG. 4, the
FPGA 402 comprises a packet generation module 410, a buffer module 412, a counter module
414, and a stuffing control module 416. For some embodiments, the DAC 304 and its various
components implement some or all of the operations of the master device 102 as described

with respect to FIG. 2.

[0060] As shown in FIG. 4, the local oscillator 406 may provide a clock signal, which can
drive the first PLL 404 and the second PLL 408. For some embodiments, the local oscillator
406 includes a lower-quality oscillator, such as a stratum 3 oscillator. The quality of the
oscillator (e.g., short-term stability, precision, etc.) used as the local oscillator 406 may vary
between different embodiments. The first PLL 404, the second PLL 408, or both may be
implemented using a digital phase-lock loop (DPLL). For some embodiments, the output
signal from the first PLL 404 is utilized as the master clock signal for the DAC 304. The first
PLL 404 may use one of its synchronization inputs as a reference clock 418 and may lock onto
the reference. In one example, the first PLL 404 receives a primary reference clock (PRC)
(e.g., via a Synchronous Ethernet [SyncE], E1, or T1 signal) as the reference clock 418 and
synchronizes itself to the PRC, thereby resulting in an output signal from the first PLL 404 that
is synchronized with the PRC. Depending on the embodiment, the PRC may be received from
a primary master clock such as an atomic clock or a geosynchronous positioning system (GPS)

disciplined oscillator.

[0061] Depending on the embodiment, the output of the first PLL 404 may be used as a
clock reference by various components of the DAC 304, including the microcontroller module
400 and the FPGA 402. For example, the output of the first PLL 404 may be used by the
FPGA 402 as a FPGA clock 420. As the FPGA clock 420, the output of the first PLL 404 may
be utilized in the operation of various components of the FPGA 402, including, for instance,
the packet generation module 410, the counter module 414, and the stuffing control module
416. The counter module 414 may, for example, maintain a counter value in relationship to the
FPGA clock 420 as provided by the output of the first PLL 404 (e.g., incrementing or
decrementing the counter value upon each period of the FPGA clock 420). The counter

module 414 may be implemented using one or more counters. Likewise, the operations of the
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packet generation module 410 and the stuffing control module 416 may be drive by the FPGA
clock 420 as provided by the output of the first PLL 404.

[0062] According to some embodiments, the FPGA 402 generates synchronization packets
that the master device 102 transmits to one or more slave devices (e.g., the slave device 110)
during a synchronization process. Depending on the embodiment, the microcontroller module
400 may control the operation of various components of the FPGA 402, including the packet
generation module 410. For example, the microcontroller module 400 may provide the packet
generation module 410 with a predefined value that the packet generation module 410 may use
in determining the interval at which synchronization packets are generated by the packet
generation module 410 for transmission to a slave device (e.g., the slave device 110). The
microcontroller module 400 may further control the packet generation module 410 by enabling
or disable packet generation by the packet generation module 410 (e.g., when enabling or
disabling the clock synchronization process), determining attributes of synchronization packets
generated by the packet generation module 410 (e.g., size, content, type, destination, etc.), or
specifying the condition under which the packet generation module 410 generate
synchronization packets. Aspects of how the microcontroller module 400 controls the packet
generation module 410 may be modifiable by a user (e.g., an administrator or radio technician)

and may be pre-set at the time of manufacture of the DAC 304.

[0063] For some embodiments, the packet generation module 410 is configured to monitor
a current counter value provided by the counter module 414 and generate a synchronization
packet each time the current counter value satisfies a specific condition, such as the current
counter value being equal to a predefined value. Subsequent to generating a synchronization
packet, the packet generation module 410 may forward the synchronization packet for
transmission, and may do so by placing the synchronization packet into the buffer module 412.
For some embodiments, the buffer module 412 is configured to buffer packets intended to be
forwarded out of the DAC 304 for transmission. To facilitate the packet buffering, the buffer
module 412 may include one or more buffers, including one or more first-in first-out (FIFO)
buffers. From the buffer module 412, packets may be forwarded for transmission via an output
422. The output 422 may be coupled to a backplane (e.g., the TDM bus backplane 306)
configured to communicate a forwarded packet to a radio access card (RAC) (e.g., the RAC

308) or the like for wireless transmission.
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[0064] For some embodiments, the (bit) stuffing control module 416 controls stuffing of
non-informational bits into various packets passing through the buffer module 412. The
stuffing control module 416 may, for example, disable or enable bit stuffing operations,
determine which packets are bit stuffed, how many bits are stuffed into packets, and the like.
By controlling bit stuffing operations, the stuffing control module 416 may facilitate
plesiochronous digital hierarchy (PDH) or synchronous digital hierarchy (SDH) packet
communications through the DAC 304.

[0065] FIG. 5 is a block diagram of the digital access card (DAC) 318 in the slave device
110 in accordance with some embodiments. In FIG. 5, the DAC 318 comprises a field-
programmable gate array (FPGA) 500, microcontroller module 502, a first phase-lock loop
(PLL) 504, a second PLL 506, and a local oscillator 508. Additionally, in FIG. 5, the FPGA
500 comprises a buffer module 510, a packet monitoring module 512, a stuffing control
module 514, and a counter module 516. For some embodiments, the DAC 318 and its various
components implement some or all of the operations of the slave device 110 as described with

respect to FIG. 2.

[0066] Those skilled in the art will appreciate that the DAC 304 of the master device 102
may comprise similar components similar to that of a DAC of a slave device (e.g., the DAC
318). For some embodiments, the DAC 304 of the master device 102 includes functionality
that permits the master device 102 to operate as a slave device (e.g., with respect to another

master device) with or without need for reconfiguration.

[0067] As shown in FIG. 5, the local oscillator 508 may provide a local clock signal, which
can drive the first PLL 504 and the second PLL 506. For some embodiments, the local
oscillator 508 includes a lower-quality oscillator, such as a stratum 3 oscillator. The quality of
the oscillator (e.g., short-term stability, precision, etc.) used as the local oscillator 508 may
vary between different embodiments. The first PLL 504, the second PLL 506, or both may be
implemented using a digital phase-lock loop (DPLL). For some embodiments, the output
signal from the second PLL 506 is utilized as the master clock signal for the DAC 304. The
first PLL 504 may use the output signal from the second PLL 506 as one of its synchronization
inputs and may lock onto the output signal. The second PLL 506 may also be utilized to drive
the counter module 516. Once it is locked to the output signal of the second PLL 506, the first
PLL 504 may output a reference clock signal 522 that is synchronized with the output signal.

In some embodiments, the reference clock signal 522 may be provided as a Synchronous
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Ethernet (SyncE), E1, or T1 signal. One or more outputs of the first PLL 504 may also be used
as a reference for the microcontroller module 502 and/or a FPGA clock 520 for the FPGA 500.
For some embodiments, the output signal of the first PLL 504 is used to drive all
synchronization outputs in the DAC 318.

[0068] For some embodiments, the counter module 516 is configured to maintain a counter
value in relationship to the output signal of the second PLL 506 (e.g., incrementing or
decrementing the counter value upon each period of the output signal). The counter module
516 may be implemented using one or more counters, and may be configured to latch at least
one of those counters (e.g., for counter value retrieval) when instructed to do so. By latching
the counter, the counter module 516 may retrieve the counter value at the time of the latch and

store it for future retrieval.

[0069] According to some embodiments, the buffer module 510 receives a synchronization
packet from a master device through data line 518, which may be coupled to a RAC (e.g., the
RAC 314) via a backplane (e.g., the TDM bus backplane 316). The buffer module 510 may
facilitate packet buffering and may include one or more buffer, including one or more first-in
first-out (FIFO) buffers. From the buffer module 510, the synchronization packet is forwarded

to the packet monitoring module 512.

[0070] For some embodiments, the packet monitoring module 512 is configured to monitor
for receipt of synchronization packets and trigger further action upon detection of the receipt.
The packet monitoring module 512 may detect receipt of a given synchronization packet when
the packet monitoring module 512 detects the start of the frame of the synchronization packet
leaving the buffer module 510. When the packet monitoring module 512 detects receipt of a
synchronization packet, the packet monitoring module 512 may instruct the counter module
516 to latch, thereby causing the counter module 516 to retrieve the counter value at the time
of the latch and store it for future retrieval by the packet monitoring module 512. When the
packet monitoring module 512 detects receipt of a synchronization packet, the packet
monitoring module 512 may further signal the microcontroller module 502 to retrieve the
current counter value from the counter module 516. The packet monitoring module 512 may
do so by having the FPGA 500 generate an interrupt to the microcontroller module 502, which

can cause the microcontroller module 502 to retrieve the counter value.

[0071] In some embodiments, the microcontroller module 502 uses the counter value

retrieved from the counter module 516 as an input to an algorithm that estimates the master
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clock frequency for a master clock signal of a master device generating the synchronization
packets. Then, based on the estimated clock frequency and the current frequency of the master
clock signal as provided by the first PLL 504, the microcontroller module 502 may calculate a
frequency offset that can be applied to the slave clock signal. In some embodiments, the
microcontroller module 502 applies the calculated frequency offset to the slave clock signal
through a frequency offset control 524, which may control the frequency offset applied to the
output signal of the second PLL 506. In this way, the estimated clock frequency determined at
the microcontroller module 502 may be used to drive the second PLL 506, and a new
frequency offset can be calculated by the microcontroller module 502 and applied to the
second PLL 506 at each synchronization packet arrival and iteration of the algorithm of the
microcontroller module 502. As described herein, after convergence of the algorithm of the
microcontroller module 502, the estimated clock frequency for the master device will become
sufficiently accurate that the frequency offset calculated by the microcontroller module 502
will cause the frequency of the output signal of the second PLL 506 (e.g., the slave clock

frequency) to replicate or almost replicate the master clock frequency of the master device.

[0072] For some embodiments, the (bit) stuffing control module 514 facilitates detection
and decoding of packets passing through the buffer module 510 that include stuffing of non-
informational bits. The stuffing control module 514 may, for example, detect bit stuffing in a
packet and inform the microcontroller module 502 of its presence. Subsequently, the
microcontroller module 502 may receive a packet including bit stuffing and process (e.g.,
decode) the packet accordingly. As described herein, such functionality may facilitate
plesiochronous digital hierarchy (PDH) or synchronous digital hierarchy (SDH) packet
communications through the DAC 318.

[0073] Those skilled in the art will appreciate that the DAC 318 of the slave device 110
may comprise components similar to that of a DAC of a master device (e.g., the DAC 304).
For some embodiments, the DAC 318 of the slave device 110 includes functionality that
permits the slave device 110 to operate as a master device (e.g., for another slave device) with

or without need for reconfiguration.

[0074] FIG. 6 is a flow diagram of an example method 600 for clock synchronization in
accordance with some embodiments. According to some embodiments, the method 600 is
performed by a master device (e.g., the master device 102) when providing clock

synchronization to a slave device (e.g., the slave device 110) over a communication network.
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For some embodiments, the method 600 begins at step 602 with the operation of the counter
module 414 at the master device 102. At step 604, the packet generation module 410 at the
master device 102 monitors a counter value being maintained by the counter module 414. As
described herein, the counter module 414 may be driven by the first PLL 404, which may be
configured to provide the DAC 304 with a master clock signal having a master clock
frequency. The first PLL 404 may be synchronized with respect to a primary reference clock
(PRC) received by the master device 102, thereby synchronizing the master clock signal with
the PRC.

[0075] At step 606, if the packet generation module 410 determines that the current counter
value satisfies a condition for generating a synchronization packet (e.g., the current counter
value reaches a predefined value), the method 600 continues to step 608, where the packet
generation module 410 generates the synchronization packet. If, however, at step 606 the
packet generation module 410 determines that the current counter value does not satisfy the
condition for generating a synchronization packet, the method 600 will proceed to step 604,
where the packet generation module 410 continues to monitor the counter value of the counter

module 414.

[0076] At step 610, the packet generation module 410 provides the synchronization packet,
generated at step 608, for transmission from the master device 102 to the slave device 110. In
particular, the packet generation module 410 may provide the synchronization packet to the
TDM bus backplane 306 for transmission from the master device 102 to the slave device 110.
Through the TDM bus backplane 306, the RAC 308 may receive the synchronization packet
from the DAC 304. At step 612, the RAC 308 transmits the synchronization packet through
the ODU 310 and the antenna 104. Subsequent to step 610, the method 600 may return to step
604 where the packet generation module 410 at the master device 102 continues monitoring the
counter value being maintained by the counter module 414. When the method 600 returns to

step 604 after step 610, it may do so in parallel with continuing to step 612.

[0077] Though the steps of the method 600 may be depicted and described in a certain
order, those skilled in the art will appreciate that the order in which the steps are performed
may vary between different embodiments. Additionally, those skilled in the art will appreciate
that the components described above with respect to the method 600 are merely examples of
components that may be used with the method 600, and that other components may also be

utilized in some embodiments.
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[0078] FIG. 7 is a flow diagram of an example method 700 for clock synchronization in
accordance with some embodiments. According to some embodiments, the method 700 is
performed by a slave device (e.g., the slave device 110) to achieve clock synchronization with
a master device (e.g., the master device 102) over a communication network. For some
embodiments, the method 700 begins at step 702 with the operation of the counter module 516
at the slave device 110. At step 704, the packet monitoring module 512 monitors for receipt of

synchronization packets at the slave device 110 from the master device 102.

[0079] At step 706, a synchronization packet from the master device 102 is received by the
antenna 108 of the slave device 110 over a radio link. The antenna 108 may provide the
synchronization packet to the ODU 312, which in turn may provide the synchronization packet
to the RAC 314. Through the TDM bus backplane 316, the DAC 318 of the slave device 110
may receive the synchronization packet from the RAC 314. In particular, the buffer module
510 of the DAC 318 may receive the synchronization packet and provide the synchronization

packet to the packet monitoring module 512.

[0080] At step 708, the packet monitoring module 512 detects receipt of the
synchronization packet. The packet monitoring module 512 may detect receipt of the
synchronization packet when the frame of the synchronization packet emerges from the buffer
module 510. At step 710, a current counter value from the counter module 516 is obtained by
the microcontroller module 502 of the slave device 110. The current counter value may be
obtained at the time the packet monitoring module 512 detects receipt of the synchronization
packet. Additionally, the current counter value may be obtained by the packet monitoring
module 512 instructing or otherwise causing the counter module 516 to latch (e.g., store the
counter value at the time of the latch for future retrieval), and signaling the microcontroller

module 502 to retrieve the current counter value from the counter module 516.

[0081] At step 712, the microcontroller module 502 determines an estimated clock
frequency, for the master clock signal of the master device 102, based on the current counter
value obtained from the counter module 516. As described herein, the microcontroller module
502 may utilize one or more algorithms described herein to generate the estimated clock

frequency.

[0082] At step 714, the microcontroller module 502 calculates a frequency offset based on
the estimated clock frequency determined at step 712 and the current clock frequency provided

by the first PLL 504 of the slave device 110. The frequency offset may be the difference
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needed to adjust the current clock frequency of the first PLL 504 to match the estimated clock
frequency determined at step 712. As described herein, the first PLL 504 may be driven by the
local oscillator 508 and synchronized to a reference provided by the second PLL 506 of the
slave device 110. The first PLL 504 and second PLL 506 may provide a slave clock signal that
has a slave clock frequency and that is utilized by various components of the DAC 318 (e.g.,
the FPGA 500). At step 716, the current clock frequency of the first PLL 504 is updated by
adjusting the current clock frequency of the second PLL 506 using the frequency offset
calculated at step 714. Subsequent to step 716, the method 700 may return to step 704, where
the packet monitoring module 512 continues to monitor for receipt of synchronization packets,

at the slave device 110, from the master device 102.

[0083] Though the steps of the method 700 may be depicted and described in a certain
order, those skilled in the art will appreciate that the order in which the steps are performed
may vary between different embodiments. Additionally, those skilled in the art will appreciate
that the components described above with respect to the method 700 are merely examples of
components that may be used with the method 700, and that other components may also be

utilized in some embodiments.

[0084] FIG. 8 is a block diagram of an example transceiver module 800 utilized in clock
synchronization in accordance with some embodiments. As shown, the transceiver module
800 includes an indoor unit (IDU) 802 coupled to an outdoor unit (ODU) 804, and a
waveguide 806 coupled to the ODU 804. As also shown, the transceiver module 800 is
coupled to an antenna 808, whereby the antenna 808 is coupled to the ODU 804 by way of the
waveguide 806. Depending on the embodiment, the IDU 802, the ODU 804, or both may be
configured to implement wvarious clock synchronization operations described herein.
Additionally, various embodiments described herein may include a transceiver module that
varies in composition or arrangement in comparison to the transceiver module 800 shown in

FIG. 8.

[0085] In accordance with some embodiments, one or more of the IDU 802, the ODU 804,
the waveguide 806, and the antenna 808 are configured to implement a split-mount radio
frequency unit, which may be further configured to implement a split-mount microwave
transceiver. Such a split-mount microwave transceiver may be utilized in a wireless backhaul
network (e.g., for broadband fixed wireless access or mobile phone network) and may facilitate

point-to-point wireless applications of various forms of networks, including plesiochronous
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data hierarchy (PDH), synchronous data hierarchy (SDH), or Ethernet networks. As a radio
unit, the transceiver module 800 may have part of its electronics mounted indoors in the IDU
802, and may have part of its electronics disposed outdoors in the ODU 804. For some
embodiments, the ODU 804 is mounted outdoors with the antenna 808. The ODU 804 may
contain a RF transmitter and a RF receiver, while the IDU 802 may contain modulator,
demodulator, multiplexer, control, and traffic interface elements. The waveguide 806 may or
may not be a part of the ODU 804. The IDU 802 and the ODU 804 may be coupled using a
cable, such as a coaxial cable. By comparison, an all-indoor radio has all radio equipment
installed inside and is connected to its antenna using a waveguide or coax feeder. As a split-
mount radio unit, the transceiver module 800 may be a point-to-point radio installation for
licensed 6 to 38+ GHz frequency bands with the ODU 804 direct-mounted to the rear of the
antenna 808 to provide an integral antenna feed. By having the ODU 804 mounted with the
antenna 808, the transceiver module 800 may eliminate or reduce feeder losses, minimize or

reduce rack occupancy, or lower installed costs compared to indoor radios.

[0086] The IDU 802 may be in communication with a processor or a digital device, which
may be communicatively coupled to the IDU 802 through a cable 810. The IDU 802 may
comprise a modulator/demodulator and control circuitry for providing data, from a processor
or a digital device over the cable 810, to the antenna 808 via the ODU 804 or the waveguide
806. The IDU 802 may be configured to receive information from the antenna 808, via the
ODU 804, for providing to the processor or the digital device via the cable 810.

[0087] As described herein, the IDU 802 of the transceiver module 800 may be coupled to
the ODU 804 utilizing a coaxial cable. Any number of coaxial cables may provide signals
between the IDU 802 and the ODU 804. Additionally, any number or type of cables may be
configured to receive and transmit signals between the IDU 802 and the ODU 804.

[0088] The transceiver module 800 may be configured to be in communication with
another transceiver module through a wireless communication tower, where the other
transceiver module may be similar to the transceiver module 800. The wireless
communication tower (e.g., cell tower or other microwave radio device) may be any device

configured to receive and/or transmit wireless information.

[0089] FIG. 9 depicts an example digital device 900 according to some embodiments. The
digital device 900 comprises a processor 902, a memory system 904, a storage system 906, a

communication network interface 908, an I/O interface 910, and a display interface 912
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communicatively coupled to a bus 914. The processor 902 may be configured to execute
executable instructions (e.g., programs). In some embodiments, the processor 902 comprises

circuitry or any processor capable of processing the executable instructions.

[0090] The memory system 904 is any memory configured to store data. Some examples
of the memory system 904 are storage devices, such as RAM or ROM. The memory system
904 may comprise the RAM cache. In various embodiments, data is stored within the memory
system 904. The data within the memory system 904 may be cleared or ultimately transferred

to the storage system 906.

[0091] The storage system 906 is any storage configured to retrieve and store data. Some
examples of the storage system 906 are flash drives, hard drives, optical drives, and/or
magnetic tape. In some embodiments, the digital device 900 includes a memory system 904 in
the form of RAM and a storage system 906 in the form of flash data. Both the memory system
904 and the storage system 906 comprise computer readable media that may store instructions

or programs that are executable by a computer processor including the processor 902.

[0092] The communication network interface (com. network interface) 908 may be
coupled to a data network via the link 916. The communication network interface 908 may
support communication over an Ethernet connection, a serial connection, a parallel connection,
or an ATA connection, for example. The communication network interface 908 may also
support wireless communication (e.g., 802.11 a/b/g/n, WiMAX). It will be apparent to those
skilled in the art that the communication network interface 908 may support many wired and

wireless standards.

[0093] The optional input/output (I/O) interface 910 is any device that receives input from
the user and output data. The optional display interface 912 is any device that may be
configured to output graphics and data to a display. In one example, the display interface 912
is a graphics adapter.

[0094] It will be appreciated by those skilled in the art that the hardware elements of the
digital device 900 are not limited to those depicted in FIG. 9. A digital device 900 may
comprise more or less hardware elements than those depicted. Further, hardware elements
may share functionality and still be within various embodiments described herein. In one
example, encoding and/or decoding may be performed by the processor 902 and/or a co-

processor located on a GPU.
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[0095] One or more functions may be stored on a storage medium such as a computer
readable medium. The instructions can be retrieved and executed by a processor. Some
examples of instructions are software, program code, and firmware. Some examples of storage
medium are memory devices, tape, disks, integrated circuits, and servers. The instructions are
operational when executed by the processor to direct the processor to operate in accord with
some embodiments. Those skilled in the art are familiar with instructions, processor(s), and

storage medium.

[0096] Various embodiments are described herein as examples. It will be apparent to those

skilled in the art that various modifications may be made and other embodiments can be used.
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CLAIMS

We claim:

1. A system comprising:

a clock module configured to provide a master clock signal having a master clock
frequency;

a counter module configured to increment or decrement a counter value based on the
master clock signal;

a packet generation module configured to monitor the counter value and to generate a
synchronization packet when the counter value satisfies a condition; and

a communication module configured to transmit the synchronization packet to a slave

device.

2. The system of claim 1, wherein the condition includes the counter value reaching a
predefined threshold.

3. The system of claim 1, wherein the clock module is further configured to synchronize

the master clock signal based on a primary reference clock.

4. The system of claim 3, wherein the primary reference clock includes a Synchronous

Ethernet (SyncE) reference clock.

5. The system of claim 1, wherein the system is included in a split-mount microwave
System.
6. A system comprising:

a packet monitoring module configured to detect receipt of a synchronization packet
from a master device;

a clock module configured to provide a slave clock signal having a slave clock
frequency;

a counter module configured to increment or decrement a counter value based on the
slave clock signal;

a clock frequency estimation module configured to, in response to the packet

monitoring module detecting receipt of the synchronization packet from the master device,
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obtain a current counter value from the counter module and to determine an estimated clock
frequency of the master device based on the current counter value; and
a frequency offset calculation module configured to calculate a frequency offset for the

slave clock frequency based on the estimated clock frequency of the master device.

7. The system of claim 6, wherein the clock module is further configured to update the

slave clock frequency based on the frequency offset.

8. The system of claim 7, wherein the system is included in a split-mount microwave

system configured to receive the synchronization packet from the master device.

9. The system of claim 7, wherein the clock frequency estimation module is further
configured to determine the estimated clock frequency of the master device based further on a

previously estimated clock frequency of the master device.

10.  The system of claim 9, wherein the clock frequency estimation module is further
configured to determine the estimated clock frequency of the master device using a Kalman

filter.

11. A method comprising:

monitoring a counter value of a counter at a master device, the counter being driven by
a master clock signal having a master clock frequency;

generating a synchronization packet in response to the counter value satisfying a
condition; and

transmitting the synchronization packet from the master device to a slave device in

response to satisfaction of the condition.

12.  The method of claim 11, wherein the condition includes the counter value reaching a
predefined threshold.
13.  The method of claim 11, wherein the master device includes a master clock configured

to provide the master clock signal.

14.  The method of claim 13, further comprising synchronizing the master clock signal

based on a primary reference clock.
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15.  The method of claim 14, wherein the primary reference clock includes a Synchronous

Ethernet (SyncE) reference clock.

16.  The method of claim 11, wherein the transmitting the synchronization packet from the
master device to the slave device comprises transmitting the synchronization packet through a

split-mount microwave transmitter.

17. A method comprising:

detecting receipt of a synchronization packet from a master device at a slave device;

in response to the detecting the receipt of the synchronization packet at the slave
device, obtaining a current counter value of a counter at the slave device, the counter being
driven by a slave clock signal having a slave clock frequency;

generating an estimated clock frequency for the master device based on the current
counter value; and

calculating a frequency offset based on the slave clock frequency and the estimated

clock frequency of the master device.

18.  The method of claim 17, further comprising updating the slave clock frequency based

on the frequency offset.

19.  The method of claim 17, further comprising receiving the synchronization packet

through a split-mount microwave receiver.

20.  The method of claim 17, wherein the slave device includes a slave clock configured to

provide the slave clock signal.

21.  The method of claim 17, wherein the generating the estimated clock frequency for the

master device is further based on a previously estimated clock frequency for the master device.

22.  The method of claim 21, wherein the generating the estimated clock frequency for the

master device comprises by using a Kalman filter.

23. A system comprising:

means for monitoring a counter value of a counter at a master device, the counter being
driven by a master clock signal having a master clock frequency;

means for generating a synchronization packet in response to the counter value

satisfying a condition; and
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means for transmitting the synchronization packet from the master device to a slave

device.

24. A system comprising:

means for detecting receipt of a synchronization packet from a master device at a slave
device;

means for obtaining a current counter value of a counter at the slave device in response
to the detecting the receipt of the synchronization packet at the slave device, the counter being
driven by a slave clock signal having a slave clock frequency;

means for generating an estimated clock frequency of the master device based on the
current counter value; and

means for calculating a frequency offset based on the slave clock frequency and the

estimated clock frequency of the master device.

32



WO 2014/110174 PCT/US2014/010737

Master Device
102

O—

PAEN
(X

’v

X
\/
A

XX
X

XX

\/

106

X

XX

O
\/
/)

/XX
%

Slave Device
410

1/9



PCT/US2014/010737

WO 2014/110174

£ 9

0iC
NPON
UOLBINDIED
w0 Asuanbaig

21Z
NPOW
LOIIRLIST
Asusnbaid oo

91¢
BANPO
FULIOBUDN 18308d

gmw " 7T oz
) PNPOA BINDOIA
UORESIURWLOS JRUNOD BARIS WIOID BARIS
RN
TTT 30IAB(] BABIS
T0C
BINPOIA
LOIRIIUNUILOTD
JFISBIN
307 v0T 707
BINDOWN IO npowy

UDIIRIBUSD 19908d

ABIUNOT IB1ISEN

HIOIT JBISEIN

01 shins(] Jalsey

G0 NK

2/9



PCT/US2014/010737

WO 2014/110174

€ "Dl

0z7e
71E YT EjEs aTE “
{nao} H  Dwuipiey H o sueidieg {wa) pied
Uy JO0PING SEBIOY Gipey sng ML $$330Y |G
011 30A3(] 2ARIS
70%
[ 0T 908 0T “
{nao} H  {Ovyipiey H o sueidyey (v pied
HUp SO0RING SEBIIY G1pRY SNG NCLE $5300Y |EUAIG

701 2MAD(] J21SBIN

a0 m.\

3/9



PCT/US2014/010737

WO 2014/110174

¥ "9l

v

S

g
-

sueheg syl oy

anv
{114} doo < 50%
xu@d.@mmﬁ& gowm:mumﬁv mmua.m
pUG08G
v ”
07y — 21¥
. Ity . iy M {T1d} doot \
B0 DO < y307-9521 g <
10A3U00 BUng ABUNSD 43010 YO 44 EE( YIOLD BoUBIa ey
‘ v v
__ oty < o0
21N omﬂmw f SNPORN < SNPOIA
m ﬁ W UE 8 Hoileiouso wuxumm .mmwxcchuOguxk
Yodd

PO
{ow@) pied ssandy 1eudig

70T 921ha0] JPISEN

4/9



PCT/US2014/010737

WO 2014/110174

4 "BDid

275

SR

B0%
JORHIOSO 1BO0T

v

905

{T1d) dooT

HIOT-25EY
PUOISS

O0ID BUUBIRRY

vZs
04307
4S540
Azuanbaiy

A 4

N

v

- 075
u —
{114} door ﬂ 915 _pis
> — HRPOW SHRPOW
4058 on
15414 H201D YO d 4 43N0 [0 BULINIS
7 Y 7
Y
< 81%
[AS I 716G
Qmjﬂmm\ﬁ “ wuﬁﬁmm}m i QDMN@ ] ¢ N
IBIOAIUOD0UM A FULICHUOI 199384 PO deiing suehieg
341 WO
00%
V5dd
81¢

{Ova) paed sse00y [BUZIQ

G111 32IA8(] 3ARIS

5/9



WO 2014/110174 PCT/US2014/010737

fﬁ(}@
C Start )
v

602
Operate a Counter at @ Master Device Y~ °
; . e Al s E 604
> Meonitor a Counter Value of the Counter N\

NO 606

Has the Counter Value

Satisfied a Condition?

Generate g Synchronization Packet ~_ °0¢
Provide the Synchronization Packet for ~_ 610

Transmission from the Master Device 10 a Slave Device

|

Transmit the Synchronization Packet from the Master Device to the 612
. 0 Y%
Slave Device

6/9



WO 2014/110174 PCT/US2014/010737

(7@@
( Start )

y

Operate a Counter at g Slave Device

~_ 702

|

Monitor for Receipt of Synchronization Packets, at the Slave Device, from a

Master Device

~_ 704

y

Receive a Synchronization Packet at the Slave Device from the Master Device

706

A

Detect Recaipt of the Synchronization Packet at the Slave Device

~_ 708

A

Obtain a Current Counter Value from the Counter
in Response to Detecting Receipt of the Synchronization Facket

710

(

A

Determine an Estimated Clock Fregquency for the Master Device
based on the Current Counter Value

712

v

Calculate a Fregquency Offset based on the Estimated Clock Freguency of the
Master Device and a Current Clock Freguency of the Slave Deavice

v

Update the Current Clock Freguency of the Slave Device

based on the Freguency Offset

A

716

FiIG. 7

7/9



WO 2014/110174

310

PCT/US2014/010737

Transceiver Module 800

Indoor Unit (1IDU)

302

Waveguide
86

Cutdoor Unit

AR08

(ODU)
804

8/9



WO 2014/110174 PCT/US2014/010737

Digital Device 800

Comm. Network
interface
Q0%

914
\ 816
f_J

Processor
202

/O interface
210

Memory System
504

Display interface

Storage System
806

9/9



INTERNATIONAL SEARCH REPORT

PCT/US2014/010737 05.06.2014

International application No.
PCT/US 14/10737

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO4J 3/06 (2014.01)
USPC - 370/503

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

USPC: 370/503; IPC(8): HO4J 3/06 (2014.01)

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minirhum documentation to the extent that such documents are included in the fields searched
USPC: 370/310,345,350,464,498,503,509; 375/354-356,376; IPC(8): H04J 3/06 (2014.01) (see terms below)

Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

PatBase, PUbWEST(PGPB,USPT,USOC,EPAB,JPAB), Google Scholar

terms: Precise Time, timing, master, slave, clock, timer, counter, threshold, split mount, microwave, Kalman filter, Synchronous Ethernet,
SyncE, synchronization, packet, frequency offset, deviation, difference, estimate, calculate.

1C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2010/0118894 A1 (Aweya et al.) 13 May 2010 (13.05.2010), entire document, especially fig. | 6-7, 9, 17-18, 20-21, 24
- 1, 3-4, 6, 9, 21, para [0039]-{0044], [0047}-{0054], [0058]-[0065], [0075), [0078], [0088]-{0089).
Y ' ' 1-5, 8, 10-16, 19, 22-23
Y us 8,325,704 B1 (Lemkin et al.) 04 December 2012 (04.12.2012), entire document, especially 1-5, 11-16, 23
fig. 1,3, col 3,In 21-31,col 5,In5-col 7, In 31, col 9, In 13 - col 10, In 22. .
Y- US 2007/0189154 A1 (Hourtane et al.) 16 August 2007 (16.08.2007), entire document, 5,8, 16,19
especially para [0028], [0032], [0057].
Y US 2010/0158183 At (Hadzic et al.) 24 June 2010 (24.06.2010) entire document, especially fig. | 10, 22
1, 7A, para [0032]-[0033]}, [0109]-[0113].
A US 2011/0261917 A1 (Bedrosian) 27 October 2011 (27.10.2011), entire document. 1-24
A US 2011/0080985 A1 (Secker et.al.) 07 April 2011 (07.04.2011), entire document. 1-24
A US 2010/0309934 A1 (Umayabashi et al.) 09 December 2010 (09,12.2010),.entire document. 1-24

D Further documents are listed in the continuation of Box C.

[]

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or after the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means .

“P”  document published prior to the international filing date but later than

the priority date claimed

“T” later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

the principle or theory underlying the invention

document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

'

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step ‘when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family

Date of the actual completion of the international search

11 May 2014 (11.05.2014)

Date of mailing of the international search report

05 JUN 2014

Name and mailing address of the ISA/US

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents
P.O. Box 1450, Alexandria, Virginia 22313-1450

Facsimile No.  574.273.3201

Authorized officer:
Lee W. Young

PCT Helpdesk: 571-272-4300
PCT OSP: 571-272-7774

Form PCT/ISA/210 (second sheet) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - wo-search-report

