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(57) Abstract: The present application discloses a time distribution device capable of providing a synchronized time signal to a plur -
ality of end devices connected to the time distribution device with cables of various lengths. The time distribution device may re-
ceive a time signal, generate a time reference based on the received time signal, compensate the time reference for hardware delay,
and overcompensate the time reference for a delay caused by a maximum cable length. Prior to being distributed to various end
devices, each being connected with the time distribution device by cables of varying length, this overcompensated time reference
may then be delayed by an amount based on the cable length connecting each respective end device such that the arrival of each of
the synchronized time references at the various end devices is synchronized.



10

15

20

25

30

WO 2015/023478 PCT/US2014/049813
Delay Compensation for Variable Cable Length

Technical Field

[0001] This disclosure relates to a time distribution device capable of providing a
synchronized time signal to a plurality of end devices connected to the time distribution
device with cables of various lengths. More particularly, this disclosure relates to
receiving a time reference from a global navigational satellite system (GNSS) or other
time source, compensating the time signal for system delays, including delays caused
by variable cable lengths, and distributing a synchronized time signal to a plurality of
end devices.

Brief Description of the Drawings

[0002] Non-limiting and non-exhaustive embodiments of the disclosure are described,
including various embodiments of the disclosure with reference to the figures, in which:
[0003] Figure 1 illustrates a simplified one-line diagram of an electric power delivery
system.
[0004] Figure 2 illustrates an example system of reliable, redundant, and distributed
time distribution devices capable of providing a common, synchronized precision time
reference.
[0005] Figure 3 illustrates a time distribution device for providing a synchronized time
reference to one or more end devices
[0006] Figure 4 illustrates a block diagram of a time distribution device including a
time reference generator.
[0007] Figure 5 illustrates a timing diagram depicting a received time signal, a time
reference after digital delay compensation, and the time reference at various outputs of
the time distribution device.
[0008] Figure 6 is an example flow diagram illustrating a method for generating a
synchronized time reference.
[0009] Figure 7 is an example flow diagram illustrating a method for updating a time
reference generator based on received cable lengths.

Detailed Description

[0010] The embodiments of the disclosure will be best understood by reference to the

drawings, wherein like parts are designated by like numerals throughout. It will be
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readily understood that the components of the disclosed embodiments, as generally
described and illustrated in the figures herein, could be arranged and designed in a
wide variety of different configurations. Thus, the following detailed description of the
embodiments of the systems and methods of the disclosure is not intended to limit the
scope of the disclosure, as claimed, but is merely representative of possible
embodiments of the disclosure. In addition, the steps of a method do not necessarily
need to be executed in any specific order, or even sequentially, nor need the steps be
executed only once, unless otherwise specified.

[0011] In some cases, well-known features, structures, or operations are not shown or
described in detail. Furthermore, the described features, structures, or operations may
be combined in any suitable manner in one or more embodiments. It will also be
readily understood that the components of the embodiments as generally described
and illustrated in the figures herein could be arranged and designed in a wide variety of
different configurations.

[0012] Several aspects of the embodiments described may be illustrated as software
modules or components. As used herein, a software module or component may
include any type of computer instruction or computer executable code located within a
memory device and/or transmitted as electronic signals over a system bus or wired or
wireless network. A software module or component may, for instance, comprise one or
more physical or logical blocks of computer instructions, which may be organized as a
routine, program, object, component, data structure, etc., that performs one or more
tasks or implements particular abstract data types.

[0013] In certain embodiments, a particular software module or component may
comprise disparate instructions stored in different locations of a memory device, which
together implement the described functionality of the module. Indeed, a module or
component may comprise a single instruction or many instructions, and may be
distributed over several different code segments, among different programs, and across
several memory devices. Some embodiments may be practiced in a distributed
computing environment where tasks are performed by a remote processing device
linked through a communications network. In a distributed computing environment,
software modules or components may be located in local and/or remote memory

storage devices. In addition, data being tied or rendered together in a database record
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may be resident in the same memory device, or across several memory devices, and
may be linked together in fields of a record in a database across a network.

[0014] Embodiments may be provided as a computer program product including a
machine-readable medium having stored thereon instructions that may be used to
program a computer (or other electronic device) to perform processes described herein.
The machine-readable medium may include, but is not limited to, hard drives, floppy
diskettes, optical disks, CD-ROMs, DVD-ROMs, ROMs, RAMs, EPROMs, EEPROMSs,
magnetic or optical cards, solid-state memory devices, or other types of non-transitory
machine-readable media suitable for storing electronic instructions.

[0015] Figure 1 illustrates a simplified diagram of an example of an electric power
delivery system 100 consistent with embodiments disclosed herein. The systems and
methods described herein may be applied and/or implemented in the electric power
delivery system 100 illustrated in Figure 1. Although illustrated as a one-line diagram
for purposes of simplicity, an electrical power delivery system 100 may also be
configured as a three-phase power system. The electric power delivery system 100
may include electric generators 130 and 131 configured to generate an electrical power
output, which in some embodiments may be a sinusoidal waveform.

[0016] Generators 130 and 131 may be selectively connected to the electric power
delivery system using switches or circuit breakers 111 and 171, respectively. Step-up
transformers 114 and 115 may be configured to increase the output of the electric
generators 130 and 131 to higher voltage sinusoidal waveforms. Buses 122 and 123
may distribute the higher voltage sinusoidal waveform to a transmission line 120
between buses 122 and 123. Step-down transformer 146 may decrease the voltage of
the sinusoidal waveform from bus 123 to a lower voltage suitable for electric power
distribution on line 142. Distribution line 142 is further selectively connectable to bus
123 via circuit breaker or switch 144, and may distribute electric power to a distribution
bus 140. Load 141 (such as a factory, residential load, motor, or the like) may be
selectively connected to distribution bus 140 using switch or circuit breaker 170. It
should be noted that additional transformers or other equipment may be used to further
step down a voltage from the distribution bus 140 to the load 141.

[0017] Various other equipment may be included in the electric power delivery
system. Also illustrated is switched capacitor bank (“SCB”) 174 selectively connectable

to transmission bus 123 using circuit breaker or switch 172. Other equipment that may
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be included in the electric power delivery system may include, for example, static VAR
compensators, reactors, load tap changers, voltage regulators, autotransformers, and
the like. Some of these are considered as included in the electric power system 100
such as, for example, load tap changers can be considered as part of the load 141.
Generators 130 and 131 may be any generator capable of providing electric power to
the electric power delivery system and may include, for example, synchronous
generators, turbines (such as hydroelectric turbines, wind turbines, gas-fired, coal-fired,
and the like), photovoltaic electric generators, tidal generators, wave power generators,
and the like. Such generation machines may include components such as power-
electronically coupled interfaces, for example, doubly-fed induction machines, direct
coupled AC-DC/DC-AC transfer devices, and the like. It should be noted that these are
not exhaustive lists, and other equipment, machines, and connected devices may be
considered under this disclosure.
[0018] Modern electric power delivery systems (which may include electric power
generation systems, transmission systems, distribution systems, and consumption
systems) are typically controlled using intelligent electronic devices (IEDs). Figure 1
illustrates several IEDs 160-167 that may be configured to control one or more
elements of the electric power delivery system. An IED may be any processor-based
device that controls monitored equipment within an electric power delivery system (e.g.,
system 100). In some embodiments, the IEDs 160-167 may gather equipment status
from one or more pieces of monitored equipment (e.g., generator 130). Equipment
status may relate to the status of the monitored equipment, and may include, for
example, breaker or switch status (e.g., open or closed), valve position, tap position,
equipment failure, rotor angle, rotor current, input power, automatic voltage regulator
state, motor slip, reactive power control set point, generator exciter settings, and the
like. Further, the IEDs 160-167 may receive measurements concerning monitored
machines or equipment using sensors, transducers, actuators, and the like.
Measurements may relate to a measured status of the machine or equipment, and may
include, for example, voltage, current, temperature, pressure, density, infrared
absorption, viscosity, speed, rotational velocity, mass, and the like. With the equipment
status and/or measurements, IEDs may be configured to derive or calculate derived
values, for example, power (real and reactive), magnitudes and angles of voltages and

currents, frequency, rate of change of frequency, phasors, synchrophasors, fault
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distances, differentials, impedances, reactances, symmetrical components, alpha
components, Clarke components, alarms, and the like.

[0019] According to certain embodiments, IEDs 160-167 may issue control
instructions to the monitored equipment in order to control various aspects relating to
the monitored equipment. Some examples of actions to control equipment include:
opening a breaker which disconnects a generator with a rotor angle moving towards
instability; opening a breaker which sheds load that is causing a voltage to decline
towards a collapsing condition; opening a breaker to remove an asset when the asset,
such as a line or transformer, is exceeding its safe operating limits; opening a breaker
which sheds load that is causing the frequency of the system to decline such that it is
exceeding predefined operating limits; inserting shunt capacitance with the effect of
increasing the voltage on an electric power line so that the reactive requirements on a
generator are not exceeded and therefore preemptively preventing the generator from
being removed from service by a reactive power control; activating a dynamic brake
which counters the acceleration of a machine rotor; adjusting a set-point on a governor
to limit the power output of a synchronous machine so that it does not exceed the safe
operating limits; simultaneously adjusting set-points of other synchronous machines so
that they pick-up the new load; and, adjusting a voltage regulation set-point of an
automatic voltage regulator such that a voltage at a more distant point in the power
system does not exceed its maximum or minimum voltage threshold; and the like.
[0020] An IED (e.g., IED 160) may be in communication with a circuit breaker (e.g.,
breaker 111), and may be capable of sending an instruction to open and/or close the
circuit breaker, thus connecting or disconnecting a portion of a power system. In
another example, an IED may be in communication with a recloser and capable of
controlling reclosing operations. In another example, an IED may be in communication
with a voltage regulator and capable of instructing the voltage regulator to tap up and/or
down. Information of the types listed above, or more generally, information or
instructions directing an IED or other device or equipment to perform a certain action,
may be generally referred to as control instructions.

[0021] IEDs 160-167 may be communicatively linked together using a data
communications network, and may further be communicatively linked to a central
monitoring system, such as a supervisory control and data acquisition (SCADA) system

182, and/or a wide area control and situational awareness (WACSA) system 180. In
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certain embodiments, various components of the electrical power generation and
delivery system 100 illustrated in Figure 1 may be configured to generate, transmit,
and/or receive GOOSE messages, or communicate using any other suitable
communication protocol. For example, an automation controller 168 may communicate
certain control instructions to IED 163 via messages using a GOOSE communication
protocol.

[0022] The example of Figure 1 is configured in a star topology having an automation
controller 168 at its center, however, other topologies are also contemplated. For
example, the IEDs 160-167 may be communicatively coupled directly to the SCADA
system 182 and/or the WACSA system 180. Certain IEDs, such as IEDs 163 and 164,
may be in direct communication with each other to effect, for example, line differential
protection of transmission line 120. The data communications network of the system
100 may utilize a variety of network technologies, and may comprise network devices
such as modems, routers, firewalls, virtual private network servers, and the like.
Further, in some embodiments, the IEDs 160-167 and other network devices (e.g., one
or more communication switches or the like) may be communicatively coupled to the
communications network through a network communications interface.

[0023] Consistent with embodiments disclosed herein, IEDs 160-167 may be
communicatively coupled with various points to the electric power delivery system 100.
For example, IEDs 163 and 164 may monitor conditions on transmission line 120. IED
160 may be configured to issue control instructions to associated breaker 111. IEDs
163, and 167 may monitor conditions on buses 122, and 123. IED 161 may monitor
and issue control instructions to the electric generator 130. |IED 162 may monitor and
issue control instructions to transformer 114. |IED 166 may control operation of breaker
172 to connect or disconnect SCB 174. |ED 165 may be in communication with load
center 141, and may be configured to meter electric power to the load center. IED 165
may be configured as a voltage regulator control for regulating voltage to the load
center using a voltage regulator (not separately illustrated).

[0024] In certain embodiments, communication between and/or the operation of
various IEDs 160-167 and/or higher level systems (e.g., SCADA system 182 or
WACSA 180) may be facilitated by an automation controller 168. The automation
controller 168 may also be referred to as a central IED, communication processor, or

access controller. In various embodiments, the automation controller 168 may be
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embodied as the SEL-2020, SEL-2030, SEL-2032, SEL-3332, SEL-3378, or SEL-3530
available from Schweitzer Engineering Laboratories, Inc. of Pullman, WA, and also as
described in U.S. Patent No. 5,680,324, U.S. Patent No. 7,630,863, and U.S. Patent
Application Publication No. 2009/0254655, the entireties of which are incorporated
herein by reference.

[0025] The IEDs 160-167 may communicate a variety of types of information to the
automation controller 168 including, but not limited to, operational conditions, status
and control information about the individual IEDs 160-167, event (e.g., a fault) reports,
communications network information, network security events, and the like. In some
embodiments, the automation controller 168 may be directly connected to one or more
pieces of monitored equipment (e.g., electric generator 130 or breakers 111, or 172).
[0026] The automation controller 168 may also include a local human machine
interface (HMI) 186. In some embodiments, the local HMI 186 may be located at the
same substation as automation controller 168. The local HMI 186 may be used to
change settings, issue control instructions, retrieve an event report (which may
originate from a specified |IED), retrieve data, and the like. The automation controller
168 may further include a programmable logic controller accessible using the local HMI
186.

[0027] The automation controller 168 may also be communicatively coupled to a
common time source (e.g., a clock or other time distribution device) 188. In certain
embodiments, the automation controller 168 may generate a time signal based on the
common time source 188 that may be distributed to communicatively coupled IEDs
160-167. Alternatively, IEDs may be individually connected to a common time source.
Based on the time signal, various IEDs 160-167 may be configured to collect and/or
calculate time-aligned operational conditions including, for example, synchrophasors,
and to implement control instructions in a time coordinated manner. IEDs may use the
time information to apply a time stamp to operational conditions and/or
communications. In some embodiments, the WACSA system 180 may receive and
process the time-aligned data, and may coordinate time synchronized control actions at
the highest level of the electrical power generation and delivery system 100. In other
embodiments, the automation controller 168 may not receive a time signal, but a

common time signal may be distributed to IEDs 160-167.
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[0028] The common time source 188 may also be used by the automation controller
168 for time stamping information and data. Time synchronization may be helpful for
data organization, real-time decision-making, as well as post-event analysis. Time
synchronization may further be applied to network communications. The common time
source 188 may be any time source that is an acceptable form of time synchronization,
including, but not limited to, a voltage controlled temperature compensated crystal
oscillator, Rubidium and Cesium oscillators with or without digital phase locked loops,
microelectromechanical systems (MEMS) technology, which transfers the resonant
circuits from the electronic to the mechanical domains, or a Global Navigational
Satellite System (GNSS) such as a Global Positioning System (GPS) receiver with time
decoding. Inthe absence of a discrete common time source 188, the automation
controller 168 may serve as the common time source 188 by distributing a time
synchronization signal.

[0029] Several different GNSS systems (also referred to as GNSS constellations) are
available or planned to be available. Some examples of a currently operational GNSS
include the United States NAVSTAR Global Positioning System (GPS) system and the
Russian GLONASS. Some examples of a GNSS planned for future operation include
China’s Beidou Navigation Satellite System (BDS), and the European Union’s Galileo
positioning system. It should be noted that a single GNSS system may include
separate constellations (such as, for example, the BDS including a limited test system
at a first constellation as well as a system being constructed at a second constellation).
[0030] As is detailed above, the electric power delivery system 100 illustrated in
Figure 1 includes local control and protection using IEDs 160-167, and wide-area
control using the automation controller 168 and/or WACSA 180 and/or SCADA 182.
[0031] Figure 2 illustrates system 200 configured to be a highly reliable, redundant,
and distributed system of time distribution devices 204, 206, and 208 capable of
providing a common, synchronized precision time reference to various time dependent
IEDs 212, 214, and 216, automation controllers 168, or other end devices as described
above with respect to Figure 1. Each time distribution device 204, 206, and 208 may
be configured to communicate through multiple protocols and methods. While the
system 200 is described as being capable of performing numerous functions and
methods, it should be understood that various systems are possible that may have
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additional or fewer capabilities. Specifically, a system 200 may function as desired
using only one protocol, or having fewer external or local time signal inputs.

[0032] As illustrated in Figure 2, three time distribution devices 204, 206, and 208
have wide area network (WAN) capabilities and are communicatively connected to a
WAN 218, which may comprise one or more physical connections and protocols. Each
time distribution device 204, 206, and 208 may also be connected to one or more IEDs
within a local network. For example, time distribution device 204 is connected to IED
212, time distribution device 206 is connected to IEDs 214, and time distribution device
208 is connected to IEDs 216. A time distribution device may be located at, for
example, a power generation facility, a distribution hub, a substation, a load center, or
other location where one or more IEDs are found. In various embodiments, an IED
may include a WAN port, and such an IED may be directly connected to WAN 218.
IEDs may be connected via WAN 218 or connection 210. Connection 210 may be, for
example, a local area network (LAN) or a dedicated time communication link, such as
an Inter-Range Instrumentation Group (IRIG) compliant communication link. In various
embodiments, connection 210 may include multiple connections, for example, both a
LAN and IRIG connection. Time distribution devices 204, 206, and 208 may establish
and maintain a precision time reference among various system components. Each time
distribution device 204, 206, and 208 may be configured to communicate time
information with IEDs connected on connection 210 through one or more time
distribution protocols, such as IEEE 1588.

[0033] Each time distribution device 204, 206, and 208 is configured to receive time
signals from a variety of time sources. For example, as illustrated, time distribution
device 204 includes an antenna 220 and is configured to receive a GNSS signal from a
GNSS repeater or satellite 202. Time distribution device 204 is also configured to
receive a second time signal 221 from an external time source 201. The external time
source may comprise one or more voltage-controlled temperature-compensated crystal
oscillators (VCTCXOs), phase locked loop oscillators, time locked loop oscillators,
rubidium oscillators, cesium oscillators, NIST broadcasts (e.g., WWV and WWVB),
and/or other devices capable of generating precise time signals. In the illustrated
embodiment, time distribution devices 204 and 208 include an antenna 220 configured
to receive a GNSS signal from the GNSS repeater or satellite 202. As illustrated, time

distribution device 206 does not directly receive an external time signal, however,
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according to alternative embodiments, any number and variety of external time signals
may be available to any of the time distribution devices.

[0034] According to one embodiment, WAN 218 comprises a synchronous optical
network (SONET) configured to embed a synchronized precision time reference in a
header or overhead portion of a SONET frame during transmission. Alternatively, a
synchronized precision time reference may be conveyed using any number of time
communications methods including IRIG protocols, NTP, SNTP, synchronous transport
protocols (STP), and/or IEEE 1588 protocols. According to various embodiments,
including transmission via SONET, a synchronized precision time reference may be
separated and protected from the rest of the WAN network traffic, thus creating a
secure time distribution infrastructure. Protocols used for inter IED time
synchronization may be proprietary, or based on a standard, such as IEEE 1588
Precision Time Protocol (PTP).

[0035] As can be seen, time distribution devices 204, 206, and 208 may receive time
signals from, among other sources, one or more GNSS signals. Different time
distribution devices may receive time signals from one or more GNSS signal sources
that are different from the GNSS signal sources for other time distribution devices. That
is, several different GNSS sources are available. The GPS system, for example,
consists of around 32 satellites that orbit the Earth twice per sidereal day. Accordingly,
several satellites are visible to each receiver at any given time, and different satellites
may be visible to different receivers at different times each day.

[0036] According to various embodiments, time distribution devices 204, 206, and 208
may be configured to generate time references synchronized to a received time signal.
The synchronized time reference may then be distributed to various end devices.
However, delay caused by hardware and disparity in cable length between the end
devices and the time distribution device may cause the time references to arrive at the
end devices at different times, which effectively negates synchronization of the time
reference to the time signal. Accordingly, what is needed is a time distribution device
configured to compensate for delay caused by hardware and disparity in cable length
between the end devices and the time distribution device.

[0037] Figure 3 illustrates a time distribution device 304, according to one
embodiment, for providing a synchronized time reference to one or more end devices.

In various embodiments, time distribution device 304 may include more or less

10
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functionality than the illustration. For example, time distribution device 304 may include
an interface for monitoring equipment in an electric power delivery system in certain
embodiments. Accordingly, in various embodiments, time distribution device 304 may
be implemented either as an IED or as a network device. As illustrated, time
distribution device 304 receives time signals from various sources. In various
embodiments, the time distribution device 304 may include a local time source 302
such as a voltage-controlled temperature-compensated crystal oscillator (VCTCXO),
temperature-compensated crystal oscillator (TCXO), oven-controlled crystal oscillator
(OCXO), or the like, that provides a local time signal. Time distribution device 304 may
further include a pair of line ports 312 and 314 for communications with a WAN or LAN
to receive time signals and distribute a synchronized time reference. Further, time
distribution device 304 may include a GNSS signal receiver 310 for receiving a GNSS
time signal via GNSS antenna 320. Time distribution device 304 may also include a
WWHVB receiver 330 for receiving an NIST broadcast, via an external antenna 340,
which may include a time signal. The time distribution device 304 may also receive a
time signal from an external time source 306 that may be communicated over an IRIG
time distribution protocol via input 308. Time distribution device 304 may be equipped
to receive time signals from various other time sources and via various other protocols
known in the art.

[0038] The time distribution device 304 functions to provide a synchronized precision
time reference for use by the various end devices connected to the time distribution
device 304. For example, the synchronized precision time reference may be
communicated from the time distribution device 304 to the end devices 322 and/or 325
using IRIG protocol via the IRIG-B output 316 or IEEE 1588 via Ethernet Drop Ports
318. The Ethernet Drop Ports 318 may also include network communications to the
end devices connected to time distribution device 304. In various embodiments, time
distribution device 304 may further include connections to SONETSs (not shown) and
transmit the synchronized precision time reference in a header or overhead portion of
SONET frames.

[0039] In the example of Figure 3, time distribution device 304 further includes a
processing unit 303 and a synchronized time reference generator 305 for generating a
plurality of synchronized time references to be distributed to end devices. As

illustrated, the various time signals from the local time source 302, WAN (from line ports
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312 and/or 314), GNSS signal receiver 310, WWVB receiver 330, and IRIG input 308
are input into the time reference generator 305 for use in generating the synchronized
time reference. In various embodiments, the time distribution device 304 and the
various components of the time distribution device may be implemented using a
processor in communication with a computer-readable storage medium containing
machine executable instructions. In other embodiments, time distribution device 304
and its components may be embodied as hardware, such as an application specific
integrated circuit (ASIC), field-programmable gate array (FPGA), or the like, or a
combination of hardware and software.

[0040] Figure 4 illustrates a block diagram of a time distribution device including a
time reference generator. In various embodiments, time distribution device 304 may
include a time reference generator 305 as described above with reference to Figure 3.
The time reference generator 305 may be embodied as hardware, such as an
application specific integrated circuit (ASIC), field-programmable gate array (FPGA), or
the like, or a combination of hardware and software. The time reference generator 305
may include a frequency synthesizer 404, a digital delay compensation component 406,
a time data encoder 408, and delay components 410-1 — 410-N.

[0041] The frequency synthesizer 404 may be configured to receive a time signal from
time source 402, such as those time sources discussed above. The frequency
synthesizer uses the time signal 402 to generate a time reference synchronized to the
time signal. For example, the frequency synthesizer 404 may include a phase-locked-
loop (PLL) to generate the time reference based on the time signal. In one
embodiment, the PLL may be a second order PLL, for example, to help alleviate jitter
present in the time signal.

[0042] The frequency synthesizer 404 may provide the time reference to a digital
delay compensation component 406 where the time reference may be delayed to
compensate for delay caused by hardware 412 and cabling 418 between the time
distribution device 304 and end devices 416. In one embodiment, the digital delay
compensation component 406 may be implemented, for example, as PLL configured to
compensate for hardware delay 412 based on feedback 420. To compensate for
cabling delay, the digital delay compensation component 406 may overcompensate the
time reference based on a maximum cable length. It should be noted that the example
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embodiment in Figure 4 includes a single PLL configured to compensate the time
reference for each of the multiple outputs to the various end devices 416.

[0043] The overcompensated time reference may be provided to time data encoder
408, where time data may be encoded to the time reference for distribution to the
various end devices 416. For example, the data encoder 408 may include IRIG-B,
pulse-per-second (PPS), kilo pulse-per-second, or similar data on the time reference.
[0044] Prior to being distributed to the various end devices 416, a delay is added to
the overcompensated time reference by delay components 410. In one embodiment,
the delay components 410 may be implemented as registers configured to delay the
time reference based on an entered cable length. In one embodiment, the processing
unit 303 of the time distribution device 304 calculates the delay based on cable lengths
received from a user (e.g., a system administrator) and updates the registers
accordingly.

[0045] Figure 5 illustrates a timing diagram depicting a received time signal, a time
reference after digital delay compensation, and the time reference at various outputs of
the time distribution device. The first time line of the timing diagram depicts the
incoming time signal (e.g., a GPS pulse per second signal or the like). As discussed
above, the frequency synthesizer 404 of the time reference generator 305 generates a
time reference based on the received time signal.

[0046] The second line of the timing diagram depicts an example time reference after
the time reference has been processed by the digital delay compensation component
406 of the time reference generator 305. As can be seen in the example timing
diagram, the time reference has been compensated to account for hardware delay (HW
Delay) and overcompensated to account for delay caused by a maximum cable length
(Dmax).

[0047] The final two lines of the timing diagram depict the time reference at two
separate outputs of the time distribution device 304. Because, in the example of Figure
5, the end devices served by the two separate outputs are connected with the time
distribution device 304 by cables of different lengths, the delay added to each time
reference by a delay component 410 is different. The delay component 410 delays the
overcompensated signal by an amount based on the cable length connecting an end
device to a particular output (D1 and D2). For example the cable connecting a first end

device to the time distribution device is longer than the cable connecting a second end
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device to the time distribution device. This can be seen by the additional delay present
in the third line of the timing diagram to account for the longer cable as compared to the
fourth line of the timing diagram.

[0048] Figure 6 is an example flow diagram illustrating a method for generating a
synchronized time reference according to the techniques introduced here. At 602 the
time distribution device 304 receives a time signal from one or more time sources. As
described above, the time distribution device may receive a time signal via a WWVB
receiver, a GNSS receiver, an external time source, a local time source, or other
various time sources. At 604, the time reference generator 305 generates a time
reference based on the received time signal. For example, the time reference
generator may receive a GNSS pulse-per-second (PPS) signal and use a frequency
synthesizer to generate a time reference matching the GNSS PPS.

[0049] At 606, the time reference generator compensates the time reference for
hardware delay. The time reference generator may determine the amount of
compensation for hardware delay based on a feedback signal that includes the
hardware delay. For example, assuming that hardware in the time distribution device
delays the time reference by 0.1 ps, the time reference generator would compensate
the time reference by 0.1 us to account for this delay. In addition to compensating for
hardware delay of the time distribution device, at 608 the time reference generator
overcompensates the time reference for a maximum cable length delay. For example,
assume that a delay caused by an output cable is 5 ns/m and that a maximum allowed
cable length for the system is 500 m. The maximum expected delay due to an output
cable is therefore 2.5 us. In this example, the time reference, which has already been
compensated 0.1 s for internal hardware delay, is overcompensated by and additional
2.5 ys to take into account this maximum cable length delay. Thus, at this point, the
time reference is leading the time signal by 2.6 pus.

[0050] At 610, the time reference generator delays the overcompensated time
reference based on a received cable length. A user may enter this cable length at a
user interface on the time distribution device or at a remote location. Continuing with
the present example, assume that a 100 m cable is connecting the time distribution
device to an end device that is going to receive the synchronized time reference. The
delay caused by a 100 m cable in this example would be 0.5 ps. Based on this

received cable length, the time reference generator delays the overcompensated signal
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by the difference of the maximum cable length delay and the delay caused by the 100
m cable. Continuing with the example, the maximum cable length delay is 2.5 us and
the 100 m cable length delay is 0.5 ys. Therefore, the time reference generator would
delay the overcompensated signal by 2.0 us.
[0051] At 612 the time distribution device transmits the time reference to an end
device. The techniques introduced here allow for multiple end devices, each having a
different cable length, to receive a synchronized time reference.
[0052] Figure 7 is an example flow diagram illustrating a method for updating a time
reference generator based on received cable lengths. At 702 the time distribution
device receives one or more cable lengths through user input. At 704, a processing
unit of the time distribution device, for example, may calculate a delay to apply to the
overcompensated signal based on each of the received cable lengths. As described
above with reference to Figure 6, the cable length delay may be used by the processing
unit of the time distribution device to calculate a delay by calculating the difference
between the maximum delay by which the time reference was overcompensated and
the delay caused by a respective cable length. At 706, the time distribution device
updates the time reference generator with the calculated delay from 704.
[0053] While specific embodiments and applications of the disclosure have been
illustrated and described, it is to be understood that the disclosure is not limited to the
precise configuration and components disclosed herein. Various modifications,
changes, and variations apparent to those of skill in the art may be made in the
arrangement, operation, and details of the methods and systems of the disclosure
without departing from the spirit and scope of the disclosure.
[0054] What is claimed is:
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Claims
1. A method comprising:
receiving, at a time distribution device, a time signal (e.g., GPS PPS);
generating a time reference, based on the time received time signal, to be
transmitted to a plurality of end devices, including:
compensating for a hardware delay of the time distribution device; and
overcompensating for a delay caused by a maximum cable length;
for each end device, adding a delay to the time reference, based on a
corresponding cable length, to create a plurality of synchronized time references,
wherein the delay for each end device is calculated such that the arrival of the plurality
of synchronized time references at the plurality of end devices is synchronized; and
transmitting the plurality of synchronized time references, each to a respective

end device of the plurality of end devices.

2. The method of 1, further comprising receiving a length of each of a plurality of
cables connecting the plurality of end devices to the time distribution device.

3. The method of claim 1, wherein generating a time reference is performed by a
Field-Programmable Gate Array (FPGA).

4. The method of claim 3, wherein adding a delay to the time reference is
performed by a plurality of registers of the FPGA.

5. The method of claim 4, further comprising updating the FPGA registers by a

processing unit of the time distribution device based on a received cable length.

6. The method of claim 5, further comprising calculating the delay by the
processing unit of the time distribution device based on the received cable length.

7. The method of claim 1, further comprising encoding time data on the time

reference.
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8. A time distribution device for receiving and distributing a synchronized time
reference to a plurality of end devices, comprising:
a receiver configured to receive a time signal;
a time reference generation component configured to generate a time reference
based on the time signal, including:
compensate for a hardware delay of the time distribution device;
overcompensate for a delay caused by a maximum cable length; and
add a delay to the time reference for each of the plurality of end devices
based on a corresponding cable length wherein the delay for each end device is
calculated such that the arrival of the time reference at the plurality of end
devices is synchronized; and
a transmitter configured to transmit the synchronized time reference to each of

the plurality of end devices.

9. The time distribution device of claim 8, further comprising a user interface
component configured to receive a length of each of a plurality of cables connecting the

plurality of end devices to the time distribution device.

10.  The time distribution device of claim 8, further comprising a processing unit
configured to update the time reference generation component based on a received
length of each of a plurality of cables connecting the plurality of end devices to the time
distribution device.

11.  The time distribution device of claim 10, wherein the processing unit is further

configured to calculate the delay based on the received cable length.
12.  The time distribution device of claim 8, wherein the time reference generation
component comprises a frequency synthesizer configured to create the time reference

based on the time signal.

13.  The time distribution device of claim 8, wherein the time reference generation
component comprises a Field-Programmable Gate Array (FPGA).
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14.  The time distribution device of claim 13, wherein the FPGA comprises a plurality

of registers configured to delay the time reference.
15.  The time distribution device of claim 14, further comprising a processing unit
configured to update the plurality of registers based on a received length of each of a

plurality of cables connecting the plurality of end devices to the time distribution device.

16.  The time distribution device of claim 8, further comprising a time data encoder to

encode time data from the time signal on the time reference.
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