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(54) Title: SOFTWARE CONTROLLED CLOCK SYNTHESIZER

& (57) Abstract: An inexpensive high accuracy software controlled clock synthesizer (SCCS) enabling by one order better accuracy
of phase & frequency synthesis producing low jitter synchronized clock from external time referencing signals or time referencing
messages. The SCCS includes; a hybrid PLL (HPLL) enabling frequency multiplication factors ranging from 1 to 50 000 while
maintaining very low output jitter independent of reference clock quality, and noise filtering edge detectors (NFED) enabling by one
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order better accuracy of referencing signal phase detection.
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Software Controlled Clock Synthesizer

BACKGROUND OF THE INVENTION

1. Field of the invention

This invention is directed to providing low cost high precision software controlled clock synthesizer (SCCS) offering
significantly better stability and precision when used in conventional synchronization systems or in newly emerging
precision timing protocols such as IEEE 1588.

The SCCS can be used in distributed control systems and in communication networks for wireless or wireline or
optical transmissions with very wide ranges of data rates.

The SCCS invention defines software controlled clock synchronization system based on novel components such as:
programmable phase synthesizers (PS), precision frame phase detectors (FPD) of an incoming wave-form, and noise
filtering edge detectors (NFED) for precise recovering of wave-form edges from noisy signals.

Furthermore: since said FPD and NFED define circuits and methods enabling ~10 times faster and more accurate
location systems than prior art solutions, they allow reliable location services for mobile and traffic control

ayplications including fast movements at close ranges in noisy environments unacceptable for prior art solutions.

2. Background art

Prior art solutions for software controlled synchronization systems use software controlled digital phase locked loops
(DPLLs) for implementing software algorithm minimizing phase errors and providing programmed transfer function
between a DPLL output clock and a timing reference.

In prior art said timing reference can be provided:

as a conventional external clock connected to a digital phase detector, which compares it with the local clock in
order to produce the digital phase error:

or with time stamp messages sent by an external source, initiating a capture of local clock time and communicating
external clock timing corresponding to the captured local timing, wherein software is used for producing said digital

phase errors by comparing the captured local timing with the communicated external timing.

However the prior art DPLL configurations have four major limitations listed below:

I. DPLLs are inherently unstable if said timing reference comprises comporents having frequencies higher than
1/5 of the DPLL bandwidth. Since time stamp messages are sent over regular communication links they are
subjected to highly unpredictable time delay variations (TDVs) resulting from collisions between different
packet streams sharing a common communication line. Such unpredictable TDVs are bound to introduce timing
reference components having unknown frequency spectrums, when said timing reference is provided by
exchanging time stamp packages sent over shared communication link. Resulting stability problems cause such

prior art DPPL configurations to be highly unreliable in many applications.

89

Conventional digital phase detectors and said software algorithms minimizing phase errors, involve
accumulation of phase digitization errors. Such accumulation causes an uncontrotled phase drift of the output

clock. when a software error minimization procedure is unable to recognize and eliminate persistent existence
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of an digitization error corresponding to a lasting unknown frequency error of the output clock.

3. Prior art digital phase detectors; offer resolutions worse than that of phase steps limited by maximum clock
frequency of 1C technology. and they require complex processing for calculating precise phase skews when
highly irregular edges of a reference timing are defined in newly emerging timing protocols such as IEEE 1588.
Similarly prior art clock synthesizers have phase steps resolutions bounded by maximum clock frequency of 1C
technology and furthermore they use frequency synthesis method unable to provide high precision control of
phase transients of synthesized clock.

4. Prior art clock synchronization systems require expensive local oscillators, expensive external off-chip analog
components, and expensive IC technologies suitable for mixed mode operations: in order to provide highly
stable and low jitter synchronization clocks required in industrial control systems and in communication
networks. Temperature stable crystal oscillators are major cost contributors exceeding 2/3 of total costs of
synchronization systems. However in prior art; low cost highly stable crystal cuts can not be used, since their

oscillation frequencies are to low to be transformed into a stable low jitter clock.

Prior art synchronization systems use digital phase detectors which are >5 times less accurate than this inventions

I PD, and frequency synthesizers producing uncontrolled phase transients during any frequency switching and
introducing 10 times less accurate phase steps than this inventions phase synthesizer PS.

Such prior art frequency synthesizers are based on direct digital frequency synthesis (DDFS) method modifying
average frequency of an output clock by periodical removal of a clock pulse from a continues stream of pulses.
Since said frequency synthesizers use over 10 times slower phase processing and introduce unknown numbers of 10
times less accurate phase steps than this inventions PS, they are unable to perform any phase synthesis and produce
uncontrolled phase transients during frequency switching and introduce much more jitter than the PS.
Consequently; in order to limit phase transients to acceptable levels, said prior art synchronization systems are
bound to work in closed loop configurations wherein output clock phase is subtracted from reference clock phase
and resulting phase error is minimized by a programmable control unit driving frequency synthesizer producing said

output clock

BRIEF SUMMARY OF THE INVENTION

Since the SCCS system is using said very accurate FPD and said very accurate PS free of any uncontrolled phase

t ansients, it can implement an inherently stable open loop configuration wherein a programmable control unit
(PCU) provides signals producing totally predictable output clock phase implementing precisely defined phase
transfer function between an external timing reference and the output clock. In addition to elimination of said
feedback related instability problems, such SCCS system allows ~10 times better control of output clock phase
transients and much lower phase jitter by synthesizing output phase with ~10 times smaller and more accurate phase

steps than prior art solutions.

The SCCS eliminates all four limitations mentioned in the "Background art" section, by providing improvements
over prior art listed below:
1. Since the SCCS uses an open-ended phase control system without any closed loop feedback, the SCCS enables

inherently stable synthesis of the output clock, independently of reference frequency spectrum.
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The SCCS defines digital frame phase detector (FPD), which eliminates said accumulation of digitization errors

9]

during phase tracking of highly irregular waveforms communicated with stamp messages of IEEE 1588

protocol.

‘o2

The FPD part of the SCCS invention offers > 5 times more accurate measurements of time errors, between the
local clock and an external clock, occurring during variable lengths time intervals communicated by the
external source. The SCCS defines digital phase synthesizer (PS) enabling direct precise control of phase
transfer function between PSs input and output clocks, and the PS allows ~10 times lower jitter of output clock
phase.

4. The SCCS significantly reduces system manufacturing costs, by enabling use of inexpensive lower frequency
oscillators including all oscillators already used by potential customers, and by enabling use of inexpensive
standard CMOS technologies for synthesizing high precision synchronization clocks. The SCCS includes
invention of a Hybrid PLL (HPLL) which can multiply crystal frequencies as low as 30kHz into a stable low
jitter clock in GHz frequency range. The HPLL comprises a DPLL driving an analog PLL (APLL) using an
analog phase detector (APD) with return input connected to an APLL output clock and with reference input
connected to said PS receiving the APLL output clock. The DPLL minimizes digital phase error between said
crystal oscillator clock and the APLL output clock. by introducing phase steps into a transfer function of said
PS which produce appropriate phase errors on an output of said APD. Since the DPLL is programmable; it can
convert any oscillator frequency into any local clock frequency, and consequently it allows use of local
oscillator of any frequency including low frequency crystals and oscillators proven already in customers

products.

Such HPLL solution is unique, as it allows: multiplication of said very low frequency clocks by factors which can
be made as high as 50 000 without increasing jitter or causing stability problems, combined with indefinite
flexibility and precision in setting frequency of generated high frequency clocks.

This major contributions over prior art make the HPLL conclusively superior alternative to prior art PLLs in many
major areas including analog, mixed mode SOC, signal processing. and all frequency control products where Tow

jitter high multiplication is the major bottleneck.

In addition to the above mentioned advantages over prior art; the SCCS offers unique ability of precise recovering
of every single edge of incoming noisy wave-form, with adaptive time-domain noise filtering edge detector
(NFED). The NFED densely over-samples incoming wave-form, and filters out phase noise from wave-form edges

and eliminates amplitude glitches from wave-form pulses.

Still other advantage of SCCS is its ability to provide a single SOC design accepting all practically possible

1 equencies of timing references, as it is presented by a Heterodyne Timing Configuration of SCCS shown in F1G.3
described in the next section.

In contrary to prior art solutions, the SCCS is not limited to discrete sets of input/output frequencies or local
oscillator frequencies, but accepts a local oscillator (LocOsc) of any frequency and accepts an external reference
clock (Ext RefClk) of any frequency or an external reference waveform (Ext_RefWfm) carrying any reference
frequency, while providing any required frequency of an SCCS output clock (OutCIk).

Such very wide universality will allow synchronization products suppliers to replace wide variety of their SOC
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products with a single chip solution. Consequently, their own costs will be significantly reduced and such single
chip solution will make their product much more competitive as being easier to use across diversified product lines

produced by major equipment manufacturers who are their major clients.

The next section GENERAL DESCRIPTION OF THE INVENTION; explains major configurations of the SCCS
(see also FIG.1, FIG.2 and FIG.3), and justifying satd configurations novel components such as the phase

synthesizer, the frame phase detector and the noise filtering edge detector.

GENERAL DESCRIPTION OF THE INVENTION

I, Open Ended Configuration of Software Controlled Clock Synthesizer

The open ended configuration of SCCS (OEC)is presented in FIG.1. Such configuration comprises two major parts

described below.

The first part is said Hybrid PLL (HPLL) for multiplying said local oscillator frequency provided by a crystal
producing frequencies as low 30kHz, by a programmed by PCU factor which can exceed 50 000 without any
increase of jitter levels and.without any stability problems.

The HPLL provides practically indefinite flexibility and precision in setting frequency of generated high frequency
clocks. Resulting frequency can rise as far as is it supported by a voltage controlled crystal oscillator (VCXO), as
long as it remains lower than maximum clock frequency which exceeds GHz ranges in present IC technologies.
The HPLL comprises a DPLL (DPLL) driving an analog PLL (APLL) using an analog phase detector (APD) with
return input connected to an APLL output clock (LocClk) and with reference input connected to a local phase
synthesizer (LOC_PS) receiving the APLL output clock.

The DPLL minimizes digital phase error 2 (PhaErr2) between said local oscillator (LocOsc) and the LocClk, by

i troducing phase steps into an output phase of said LOC _PS which are converted by the APD into analog phase
e-rors controlling phase locking between the LocClk and the OscClk.

The DPLL uses a frequency phase detector 2 (FPD2) for measuring said PhaErr2 which is read by a programmable
control unit (PCU) using it for producing said phase steps introduced into said LOC_PS output phase, wherein
amount of introduced phase steps is controlied using an MC=1_INT signal received by the PCU from the LOC PS.
The MC=1_INT signals a request from the LOC PS demanding the PCU to send the next series of said phase steps
when the last series is applied already. The FPD2 receives PCU control signals programming expected relation
between phase of the OutCik and phase of a sampling clock (SampClk) derived from the LocClk through a simple

multiplication by a factor < 8.

The second part is an open ended software controlled synthesizer (OE SCS) using PCU software sub-routines for
providing a programmable phase transfer function (PTF) between the Ext_RefWfm and the OutClk.

The OE_SCS offers; unique ability to program very precisely synchronized phase free of any uncontrolled
transients. Therefore, the OE_SCS provides ~10 times better precision in frequency and phase control than prior art.
Furthermore. the OE _SCS offers inherently stable configuration independently of said highly unpredictable

1 equency spectrum of the time delay variations occurring in the Ext RefWfm. Consequently, the OE_SCS
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eliminates serious stability problems of prior art clock synchronizers bound to use closed loop configurations for
implementing message-based protocols.

Said PCU controls operations of the OUT_PS by defining series of phase steps inserted by the OUT PS into a
thase of the OUTCLK.

i'he PCU calculates said phase steps by processing:

a phase error | (PhaErrl) received form a frame phase detector | (FPD1) measuring phase error between the
sampling clock and a filtered reference wave-form (Filt_RefWfm);

time stamp messages received from a Time Stamp Decoder (TSD) recovering such messages from the

FILT RefWfm produced by a noise filtering edge detector (NFED).

The PCU supplies the next series of said phase steps in response to the interrupt MC=1_INT from the OUT PS
which signals that insertions of the last series has been completed.

Furthermore the PCU controls operations of the NFED providing adaptive time domain filtering of the

Ext RefWfm carrying synchronization signals which can be encoded into time stamp messages or can be
conventional BITS references.

The PCU receives unfiltered wave-form samples from the NFED and calculates most suitable noise filtering masks
and algorithms which the PCU communicates back to the NFED (see section NOISE FILTERING EDGE
DETECTORS).

Compared to a moment when a sync message requesting capturing of a time stamp is received by the PCU; an exact
svnc edge of the FILT RefWtm destined to capture said time stamp can be displaced in time by a known number of
1 iessage symbols (edge displacement). Such edge displacement is determined by a messaging protocol used.

Since FPD1 keeps capturing time stamps of all received edges of the FILT RefWfm, the FPD! or the PCU shall be
equipped with an edge selection circuit (ESC). The ESC provides selection of time stamps captured by said sync

edge and is synchronized by the time stamp messages produced by the Time Stamp Decoder.

Further definitions of a synchronization means provided by the OEC. such as Free-Run and Hold-Over modes, are

provided in the sub-section 4.

2. Open Ended Configuration of SCCS with External Synchronization Mode

The open-ended configuration of SCCS with external synchronization mode (OEC_ESM) is presented in FIG.2 and

1s described below.

The OEC_ESM comprises the previously explained OEC and is further extended by adding an output clock analog
'LL (OutClk_APLL). The OutClk_APLL filters out jitter from a synthesized clock from the OUT_PS (SynOutClk)
and produces SCCS output clocks (OutClk(T:1)) which are phase aligned with a reference clock selected by the
PCU from a set of timing references including the SynOutClk, external reference clocks (Ext RefClk) and a clock
signal form a mate SCCS unit (f_mate).

Said external reference clocks are used in the external synchronization mode, wherein they are produced by a
master synchronization unit and are used to synchronize multiple other units located in a back-plane of a network
element. However said other units can alternatively use other synchronization references available in other

synchronization modes and may be synchronized by the Ext_RefWfm carrying a message based protocol or BITS
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clocks.
¢ ach plurality of synchronization references and modes allows switching to one of alternative references when an
active reference fails.

The f-mate clock from a mate unit allows Master/Slave protection switching which is described in the sub-section 4.

The output clock analog PLL comprises:

a reference selector (RFS) connected to the SynOutClk from the OUT_PS and to the external reference clocks and
to the f_mate clock and to the PCU. wherein the PCU controls selections of made by the RFS producing a reference
clock (RefClk) for the OutClk_APLL:

a return clock divider (RCD) connected to a filtered output clock (Fil_OutClk) of the QutClk_APLL and to the
PCU, wherein the PCU defines a division coefficient matching frequency of a return clock (RetClk) for the

OutClk APLL with a frequency of the RefClk:

an analog phase detector OutClk_APD connected to the reference clock and to the return clock, and producing an
analog phase error (PhaDet_UP/DN) driving an output clock loop filter (OutLoopFil) which drives a VCXO
producing the filtered output clock:

an output PLL (OUT_PLL) for multiplying one selected OutClk(T:1) clock and for providing phase alignment

t :tween all the OutCIk_APLL and the Fil_OutClk, wherein the OUT PLL is connected to the selected OutCIk(T: 1)
clock and to the Fil OutClk;

an output clocks generator (OCG) connected to the output of the OUT PLL and to the PCU. wherein the OCG
produces the OutCIk(T:1) which are phase aligned but have different frequencies wherein the PCU controls OCG

operations by programming said frequencies of the SCCS output clocks.

Further definitions of synchronization means provided by the OEC_ESM. are provided in the sub-section 4.

~

3. Heterodyne Timing Configuration of SCCS

The heterodyne timing configuration (HTC) simplifies SCCS by integrating:

both the APLL and the OC APLL from the OEC_ESM, into a single APPL:

and both the REF_PS and OUT_PS from the OEC_ESM, into a single RET PS.

The two previous configurations of SCCS offer said practically unlimited universality in accepting said local
oscillator (LocOsc) of any frequency and accepting said external reference waveform (Ext RefWfm) carrying any

1 ference frequency. while providing all practically needed frequencies of said SCCS output clocks (OutCIk(T:1)).
The HTC extends this universality even further by enabling acceptance of practically unlimited ranges of said
external reference clocks (Ext RefClk) as well.

Therefore despite implementing a close loop system, the HTC may still be used as a less costly alternative; if timing
reference is not provided by a message based protocol. or if a message-based protocol is used in simple networks

with stable TDVs.

Said integration is achieved by placing a return phase synthesizer (RET_PS) into a return path of the integrated
APLL. Consequently said phase steps supplied by the PCU need to be reversed as they are subtracted from a phase

of a reference clock of the APLL instead of being added to it.
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Indefinite RET_PS flexibility in phase and frequency generation makes it much better frequency divider than the
previous configuration Return Clock Divider and allows said unlimited flexibility in accepting all frequencies of the

Ext RefClk.

Resulting HTC comprises:

a programmable control unit (PCU) for implementing a programmable phase transfer function (PTF) between the
OutClk and the Ext_RefClk or the Ext_RefWfm, wherein the PCU controls operations of the return phase
synthesizer (RET_PS), the PCU has a terminals for an interrupt MC=1_INT and for a first phase error
(PhaErrl) and for a second phase error (PhaErr1) and for a time stamp message and for a waveform sample:

the reference selector (RFS) connected to a filtered local clock (Fil OutClk) and to the external reference clocks
(Ext_RefClk) and to the f mate clock and to the PCU, wherein the PCU defines selections made by the RFS
producing a reference clock (RefClk) for the analog phase detector (APD);

the RET_PS connected to a filtered output clock (Fil_OutClk) and connected to the PCU wherein the RET PS
requests PCU to supply the next series of phase steps by activating the MC=1_INT, wherein the RET PS
introduces such phase steps into the Fil_OutClk thus synthesizing a return clock (RetClk) for the APD:

the APD connected to the RefClk and to the RetClk. the APD producing an analog phase error (PhaDet UP/DN)
driving an output clock loop filter (OutLoopFil) which drives a VCXO producing the filtered output clock:

the output PLL (OUT_PLL) for multiplying one selected OutCIk(T: 1) clock and for providing phase alignment
between all the OutClk_APLL and the Fil_OutClk wherein the OUT PLL is connected to the selected
OutCIk(T:1) clock and to the Fil_OutClk. wherein the OUT_PLL produces an output reference clock (OutRef)
connected to the OCG and to the FPD2;

the output clocks generator (OCG) connected to the output of the OUT PLL and to the PCU. wherein the OCG
produces the OutCIK(T: 1) which are phase aligned but have different frequencies wherein the PCU controls
OCG operations by programming said frequencies of the SCCS output clocks:

the NFED and the TSD and the FPD1 and the FPD2 having the same connectivity and performing the same
operations as defined in the sub-section 1. with the exception of the FPD2 which is connected to the OutRef
and to the LocOsc and to the PCU;

wherein the PCU uses its internal micro-operations for implementing filter functions of an on chip digital PLL
(DPLL) by processing the PhaErr1 and the PhaErr2 and the time stamp messages into the PCU output driving
the RET_PS into producing the synthesized return clock providing compliance of the SCCS output clocks with
the phase transfer function defined by the PTF. wherein the PCU controls NFED operations as it is described in

the sub-section 1.

4. General Definitions of SCCS Configurations

In contrary to prior art frequency synthesizer, this invention phase synthesizer produces totally predictable phase
d frequency responses to received from the PCU control signals.

Therefore it enables said open ended configurations which can work with only one frame phase detector (FPD) for
mieasuring phase errors between a timing reference and a local clock. in order to implement an actual
synchronization system. The second FPD in the open ended configuration explained in the sub-section 1, is used for

the frequency multiplication of said local oscillator only. If a local clock had sufficiently high frequency, the FPD
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v:ould not be needed at all.
Ais said prior art frequency synthesizers produce unpredictable transient during frequency switching, they require
second digital phase detector for providing feedback about a phase of synthesizers output clock in order to reduce

said phase transients with a DPLL.

An open ended configuration without said multiplication of LocOsc frequency is defined below.

A Software Controlled Clock Synthesizer (SCCS) for implementing a programmable phase transfer function (PTF)

between an SCCS output cl‘ock (OutClk) and external reference clocks (Ext RefClk) or an external reference

carrying wave-form (Ext_RefWfm) such as BITS references or line references or time stamp messages; the SCCS
comprises:

a prograrmmable control unit (PCU) using software subroutines for controlling SCCS status and for said
implementation of the PTF, wherein the PCU controls operations of a return clock phase synthesizer
(RET_PS). the PCU has terminals for interrupts from other SCCS circuits and for a first phase error (PhaErr1)
and for a second phase error (PhaErr2) and for a time stamp message and a for a waveform sample;

the RET_PS for synthesizing a return clock (RetClk), the RET_PS connected to the PCU and to the SCCS output
clock (OutCIk);

the APLL for producing the OutClk. wherein a reference input of the APLL is connected to the OutCIk or to the
Ext_RefClk while the return input of the APLL is connected to the synthesized RetClk:

a first frame phase detector (FPD1) receiving a local reference clock (LocClk) and the Ext RefWfm or receiving
the LocClk and the OutClk or receiving the Ext_RefClk and the OutCIk. wherein the FPD1 produces the
PhaErr1 connected back to the PCU:

wherein said PCU uses said software subroutines for implementing a digital PLL (DPLL) by processing said first
phase error and the second phase error into the PCU output driving the RET_PS into synthesizing the RetClk

providing compliance of the APLL output clock with the phase transfer function defined by the PTF.

The SCCS invention includes reference selection means for alternative use of one of multiple connected external
timing references, such as reference clocks or external waveforms, for producing the SCCS output clock, the
SCCS further comprises:

a reference selector connected to multiple external timing references and controlled by the PCU, wherein the PCU
selects one of the multiple timing references for being connected to the FPD1 which is read by the PCU and
used by PCU subroutines for controlling the SCCS output clock:

activity monitors for the external timing references for producing status signals indicating active/non-active
conditions. wherein said status signals are connected to the PCU:

wherein the output signals of the activity monitors are read and processed by the microprocessor which is producing

reference selection signals connected to the reference selectors.

The SCCS further comprises:

an output phase locked loop (OUT-PLL) referenced by the APLL output clock and producing a fundamental output
clock, wherein the OUT-PLL has a return input connected to one SCCS output clock:

an output clock generator (OCG) connected to the fundamental output clock, the OCG produces a plurality of the

SCCS output clocks (OutClk).
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The SCCS further comprises:

interface circuits, for communication with an external control processor, connected to the external control processor
and to the PCU (see the Parallel Interface and the Serial Interface in the FIG.1 and FIG.2 and FIG.3);

wherein the interface circuits and the PCU enable the external control processor to read information about statuses
of the activity monitors and to select an external reference clock or the local reference clock for reterencing the
SCCS output clock.

Furthermore in the interface circuits and the PCU enable the external control processor to perform switching of

mode of operation of the SCCS between the APLL mode and the DPLL mode .

The SCCS PCU is provisioned to perform operations listed below:
reading information about statuses of the activity monitors and selecting an external timing reference or the local
reference clock for referencing the SCCS output clock:

+ vitching mode of operation of the SCCS between the APLL mode and the DPLL mode.

Furthermore the SCCS is provisioned to perform a master/slave mode switching for maintaining phase alignment
between an active SCCS unit and a backup SCCS unit installed in a back-plane for protection switching, the
SCCS comprises:

a master/slave subroutine reading activity monitor of a reference clock provided by a mate SCCS unit and reading
internal status of the own SCCS unit;

wherein the master/slave subroutine performs switching to the master mode by selecting other reference clock than
the mate's reference clock when the mate's reference clock becomes inactive or performs switching to the slave
mode by selecting the mate's reference clock when the mate’s reference clock is detected active during a power-

up inittalization of the own SCCS unit.

The SCCS invention comprises using a programmable phase synthesizer to produce an Analog PLL return clock,
which can be reprogrammed to match a frequency of a reference clock of said Analog PLL.

Furthermore the SCCS invention comprises:

«nplying an output clock of the APLL to a reference input of the APLL;

using the return clock synthesizer for inserting phase deviations between the APLL return clock and the output
clock applied to the APLL reference input;

using the inserted phase deviations for implementing required phase and frequency transfer functions between the
APLL output clock and other SCCS reference clocks:

implementing digital PLL (DPLL) algorithms for providing the required phase and frequency transfer functions.
Still furthermore the SCCS invention comprises:

using frequency phase detectors (FPDs) for measuring phase errors between the APLL output clock and said other
SCCS reference clocks;

using the PCU for processing the measured phase errors and producing control codes for the return clock
synthesizer, which implement pre-programmed phase and frequency transfer functions between the APLL output

clock and said other SCCS reference clocks.
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The SCCS comprises:
Said analog phase tocked loop (APLL) for producing the output clock (OutClk) which can be locked to the external
reference clock (Ext_RefClk), unless the APLL is driven by the digital phase locked loop (DPLL):

Said DPLL can provide locking to the Ext RefWfm (which can be a GPS clock)., or to a local oscillator.

The SCCS invention further comprises:

programmable frequency dividers for a reference signal and for return signal of said APLL, for providing

1 "'ogrammable bandwidth adjustments of the APLL:

rrogrammable frequency dividers in the output clock generator (OCG) which can be reprogrammed by the PCU, in
order to allow utilizing a single pin of the OutCIk(T:1) for providing multiple different output clock frequencies;
activity monitoring circuits for synchronizer input clocks and output clocks;

frequency monitoring circuits for synchronizer reference clocks;

status control circuits for switching synchronizer modes of operation and active reference clocks, based on an
analysis of said activity and frequency monitoring circuits;

phase transfer control circuits for providing a required phase transfer function between an active reference clock
and synchronizer output clocks:

a serial interface which allows the status control circuits and the phase transfer control circuits to be monitored and
reprogrammed by an external controller (see the Serial Interface in the Fig.1. FIG.2 and FIG.3);

a parallel interface which allows the status control circuits and the phase transfer control circuits to be monitored
and reprogrammed by an external controller controller (see the Pralle! Interface in the Fig.1, FIG.2 and F1G.3):
automatic reference switching functions including hold-over and free-run switching, which are performed by the
status control circuits and are based on monitoring a status of the activity and frequency monitoring circuits;

« master/slave switching circuit which allows a pair of integrated synchronizers to work in a master/slave
configuration having a slave synchronizer being phase locked to a mate clock which is generated by a mate master

synchronizer;

The above listed status control circuits and phase transfer control circuits can be implemented as separate on-chip

control units or with a single on-chip PCU.

APLL mode of operation in the Heterodyne Timing Configuration is described below.

One of the external reference clocks (Ext RefClIk) is selected to be applied to the APLL reference input and the
return phase synthesizer (RET PS) is switched by the PCU into producing the APLL return clock which is
matching said selected external reference clock.

The implementation of a DPLL mode is explained below.

The APLL output clock Fil OutClk is applied to the APLL reference input and the return phase synthesizer
(RET_PS) is switched by the PCU into producing the APLL return clock which is matching said output clock
Fil OutClk.

i he FPD1 measures a phase error between the output clock multiplication SampClk and the Ext RefWfm, and the
F'PD2 measures a phase error between the SampClk and the local oscillator LocOsc.

The PCU reads the above phase errors and uses them to calculate new contents of the RET_PS's periodical

adjustment buffers and the fractional adjustment buffers needed for inserting phase deviations required for
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providing a phase transfer function (PTF), between the output clock Fil_OutClk and the Ext_RefWfm, which is

aready preprogrammed in the PCU.

The invention includes providing slave mode implementation which replaces the external reference clock with the
mate SCCS output clock f mate, in order to drive the above described APLL configuration. The slave mode allows
maintaining phase alignment between active and reserve SCCS units, for the purpose of avoiding phase hits when
protection switching reverts to using clocks from the reserve SCCS unit.

The invention includes using the above mentioned method of slave SCCS phase alignment for all 3 configurations

shown in the Fig. 1, Fig.2 and Fig.3).
5. Digital Wave Synthesis from Multi Sub-Clocks

The invention defines the digital wave synthesis from multi-sub-clocks (DWS MSC) as a new timing method and
circuit for programming and selecting a phase and a frequency of a synthesized clock.

The DWS MSC comprises programmable phase modifications which are defined below:

Phase increases of the synthesized clock are provided: by adding whole clock periods and/or fractional sub-clock
¢ elays, obtained from serially connected delay elements which the reference clock is propagated through. to a
present phase obtained from a counter of reference clock periods and/or a present fractional sub-clock delay.
Phase decreases of the synthesized clock are provided: by subtracting whole clock periods and/or fractional sub-
clock delays, obtained from serially connected delay elements which the reference clock is propagated through,

from a present phase obtained from a counter of clock periods and/or a present fractional sub-clock delay.

The DWS MSC provides ~10 times better phase adjustment resolution than the commonly used DDFS method:
because the DWS MSC can modify phase with time intervals specified in fractions of clock cycle. instead of
inserting or eliminating whole clock cycles from a synthesized clock.

Therefore, the phase hits and resulting jitter are reduced by around 10 times compared to the DDFS method.
The DWS MSC invention provides an implementation of programmable algorithms for synthesizing a very wide

range of low and high frequency wave-forms.

The DWS MSC invention comprises: a |-P phase generator. a synchronous sequential phase processor (SSPP) for
r=al time processing and selection of a phase of out-coming wave-form, and a programmable computing unit (PCU)

1 r controlling SSPP operations and supporting signal synthesis algorithms.

Said |-P phase generator is an extension of a 1bit odd/even phase generator to p bits enabling 2"=P phases to be

generated from every reference sub-clock, as it is defined below.

The odd/even phase generator provides splitting of reference sub-clocks, generated by outputs of a reference
propagation circuit built with serially connected gates which a reference clock is propagated through, into odd phase
sub-clocks which begin duriﬁg odd cycles of the reference clock and even phase sub-clocks which begin during odd
cycles of the reference clock, wherein the odd/even phase selector comprises:

said reference propagation circuit connected to the reference clock:
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serially connected flip-flops, wherein a clock input of a first flip-flop is connected to the reference clock and a data
input of a first flip-flop is connected to an inverted output of'the first flip-flop while a clock input of any other
Nth flip-flop is connected to an (N-1) output of the reference propagation circuit and a data input of the N flip-
flop is connected to an output of the (N-1) flip-flop:

connected to the serially connected flip-flops an odd/even selector generating the odd sub-clocks which begin
during every odd reference clock cycle and the even sub-clocks which begin during every even reference clock

cycle, wherein the output of the 1™

flip-flop is used to select odd and even reference clocks while the output of
the Nth flip-flop is used to select odd and even reference sub-clocks from the (N-1) output of the reference

propagation circuit.

The odd/even phase generator is extended into the 1-P phase generator splitting the reference sub-clocks into 1-P
phase sub-clocks which begin during the corresponding 1-P cycles of the reference clock, wherein the 1-P phase
selector further comprises:

a parallel 1-P sub-clock counter built as an extension to the first flip-flop working as 1-2 counter wherein the whole
1-P sub-clock counter is clocked by the first reference sub-clock, wherein an output of the 1-P sub-clock
counter represents a 1-P phase number of the first sub-clock:

2-N parallel multi-bit buffers built as extensions to the original 2-N flip-flops working as 1 bit buffers wherein the
whole 1-P sub-clock counter is clocked by the 2™ reference sub-clock into the first multi-bit buffer which is
clocked by the 3" reference sub-clock into the 2" multi-bit buffer and the content of the 1-P counter is
similarly propagated into all next buffers until the Nth sub-clock loads the N-2 buffer into the N-1 buffer,
wherein the 1* buffer defines a phase number minus 1 for the 2" reference sub-clock and next buffers define
similarly phase numbers for their corresponding reference sub-clocks until the N-1 buffer defines a phase
number minus (N-1) for the Nth reference sub-clock.

1-P phase selectors built as extensions to the corresponding odd/even selectors wherein a first 1-P selector is
connected to the 1-P sub-clock counter and selects a phase, of the first reference sub-clock, defined by the 1-P
sub-clock counter while every next N-K—1 phase selector is connected to its N-K buffer and to its N-K+1
reference sub-clock (0<K<N). wherein every next N-K+1 phase selector generates phases, of its N-K+1 sub-

clock, defined by its buffer content plus (N-K).

The 1-P phase generator can use both solutions defined below:

using rising edges of the reference sub-clocks for clocking the I-P sub-clock counter and the 2-P buffers while
negative pulses of the reference sub-clocks are used for activating outputs of the 1-P selectors generating the [-P
phase sub-clocks;

« ~using rising edges of the reference sub-clocks for ciocking the 1-P sub-clock counter and the 2-P buffers while
negative pulses of the reference sub-clocks are used for activating outputs of the 1-P selectors generating the 1-P

phase sub-clocks.

Furthermore the [-P phase generator can use the serially connected gates of the reference propagation circuit, which
are connected into a ring oscillator controlled by a PLL circuit or are connected into a delay line control by a delay

locked loop (DLL) circuit or are connected into an open ended delay line.
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Furthermore this 1-P phase generator invention includes extending the remaining 2-N flip-flops with parallel sub-
clock counters, the same as the parallel sub-clock counter extending the 1% flip-flop, instead of using the defined
bove 2-P multi-bit buffers. The use of the 2-P parallel counters requires adding preset means for all the [-P
counters, in order to maintain the same or predictably shifted content in all the 1-N parallel counters. Continues

maintaining of said predictability of all the parallel counters content is necessary for generating predictable

sequences of multiphase sub-clocks.

Said SSPP invention comprises a selection of one of multi sub-clocks for providing an edge of out-coming
synthesized signal, where said sub-clocks are generated by the outputs of serially connected gates which an SSPP
reference clock is propagated through.

The SSPP comprises calculating a binary positioning of a next edge of the out-coming wave-form versus a previous
wave edge, which represents a number of reference clock cycles combined with a number of reference clock
fractional delays which correspond to a particular sub-clock phase delay versus the reference clock.

Furthermore the SSPP compriseé selective enabling of a particular sub-clock, which provides the calculated phase

step between the previous and the current wave-form edges.

The SSPP further comprises a synchronous sequential processing (SSP) of incoming signal by using multiple
«“rially connected processing stages with every stage being fed by data from the previous stage which are clocked-
i1by a clock which is synchronous with the reference clock.

Since every consecutive stage is driven by a clock which is synchronous to the same reference clock, all the stages
are driven by clocks which are mutually synchronous but may have some constant phase displacements versus each

other.

The synchronous sequential processor (SSP) multiplies processing speed by splitting complex signal processing
operation into a sequence of singular micro-cycles, wherein:

every consecutive micro-cycle of the complex operation is performed by a separate logical or arithmetical
processing stage during a corresponding consecutive time slot synchronous with a reference clock providing a
fundamental timing for a synthesized wave-form;

serially connected sequential stages are connected to a programmable control unit (PCU), wherein the sequential
stages are clocked by reference sub-clocks generated by a reference propagation circuit built with serially
connected gates which the reference clock is propagated through:

whereby inputs from the PCU are processed into a phase delay between a next edge of the synthesized wave-form
versus a previous edge and a position of the next edge is calculated by adding the phase delay to a position of
the previous edge. wherein the positions of wave-form edges are provided by a last of the sequential stages and
said positions are expressed as numbers identifying reference sub-clocks needed for generating said wave-form

edges.

The above defined SSP can be implemented by processing said inputs from the PCU into a phase modification step

which is added to a period of the reference clock in order to calculate the phase delay.

Furthermore this invention includes the SSP circuit upgraded into a parallel muitiphase processor (PMP) by
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extending the time slot allowed for the micro-cycles of the synchronous sequential processor by a factor of P,

wherein:

2-P stages are added to the original sequential stage and every one of the resulting 1-P parallel multiphise stages is
clocked with a corresponding 1-P phase sub-clock, wherein such 1-P phase sub-clock begins during the
corresponding to that phase 1-P cycle of the reference clock and has a cycle which is P times longer than the
reference clock cycle;

whereby consecutive 1-P parallel multiphase stages have processing cycles overlapping by 1 cycle of the reference
clock wherein every 1-P parallel processing stage has P times longer cycle time equal to the cycle time of the

corresponding 1-P phase sub-clock used for timing that stage.

‘1 he parallel multiphase processor further comprises:
a parallel processing phase 2-P built with plurality of 2-P parallel multiphase stages which are connected serially

and are driven by the phase sub-clocks belonging to the same 2-P phase.

The SSPP invention comprises the use of the parallel multiphase processing for synthesizing a target wave-form by

assigning consecutive parallel phases for the processing of a synthesized signal phase using signal modulation data

provided by a programmable control unit (PCU) or by any other source.

Consequently the SSPP invention comprises using 1 to N parallel phases which are assigned for processing

incoming signal data with clocks corresponding to-reference clock periods number 1 to N, as it is further described

below:

e circuits of phasel process edge skews or phase skews or other incoming signal data with a clock which
corresponds to the reférencé clock period number 1

e circuits of phase2 process edge skews or phase skews or other incoming signal data with a clock which
corresponds to the reference clock period number 2:

» finally circuits of phaseN process edge skews or phase skews or other incoming signal data with a clock which
corresponds to the reference clock period number N.

baid parallel multiphase processing allows N times longer processing and/or sub-clocks selection times for said

multiphase stages. compared with a single phase solution.

The above mentioned sub-clock selecting methods further include:

* using falling edges of said sub-clocks for driving clock selectors which select parallel processing phases during
which positive sub-clocks are enabled to perform said synthesized wave-form timing, or using rising edges of
said sub-clocks for driving selectors which select parallel processing phases during which negative sub-clocks
are enabled to perform said synthesized wave-form timing:

e using serially connected clock selectors for enabling consecutive sub-clocks during said processing phases, in
order to assure that the enabled sub-clocks will occur within a selected processing phase and to enable selection
of a sub-clock specified by a number contained in a fraction selection register of a particular processing phase.

The SSPP invention includes using said serially connected gates:

e as being an open ended delay line;

e orbeing connected into a ring oscillator which can be controlled in a PLL configuration:

¢ orbeing connected into a delay line which can be controlled in a delay locked loop (DLL) configuration.
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Every said sub-clock phase delay versus the reference clock phase amounts to a fraction of a reference clock period
which is defined by a content of a fraction selection register which is assigned for a particular processing phase and

is driven by the SSPP.

The SSPP invention includes a parallel stage processing of an incoming signal by providing multiple processing
stages which are driven by the same clock which is applied simultaneously to inputs of output registers of all the

parallel stages.

The SSPP further comprises:

¢ amerging of processing phases which occurs if multiple parallel processing phases are merged into a smaller
number of parallel phases or into a single processing phase. when passing from a one processing stage to a next
processing stage:

¢ asplitting of processing phases which occurs if one processing phase is split into multiple processing phases or
multiple processing stages are split into even more processing stages, when passing from a one processing stage

to a next processing stage.

The SSPP invention includes using the [-P phase generator defined above to generate SSPP clocks which drive said
paralle] phases and said sequential stages. and to generate selector switching signals for said merging and splitting

of processing phases.

The SSPP invention includes time sharing of said paraliel phases: which is based on assigning a task of processing

of a next wave-form edge timing to a next available parallel processing phase.

The SSPP comprises a timing control (TC) circuit, which uses decoding of reference clock counters and/or other
vaave edge decoding and satd SSPP clocks, for performing said time sharing phase assignments and for further

control of operations of an already assigned phase.

The SSPP comprises passing outputs of a one parallel phase to a next parallel phase, in order to use said passed
outputs for processing conducted by a following stage of the next parallel phase.
The outputs passing is performed: by re-timing output register bits of the one phase by clocking them into an output

register of the next parallel phase simultaneously with processing results of the next parallel phase.

The SSPP further comprises all the possible combinations of the above defined: parallel multiphase processing,
parallel stage processing, synchronous sequential processing, merging of processing phases, splitting of processing

phases, and outputs passing.

The SSPP invention includes processing stage configurations using selectors, arithmometers, and output registers,

which are arranged as it is defined below:

e input selectors select constant values or outputs of previous stages or outputs of parallel stages or an output of
the same stage to provide arithmometer inputs, and arithmometer output is clocked-in to an output register by a

clock which is synchronous to the reference clock;
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e multiple arithmometers are fed with constant values or outputs of previous stages or outputs of parallel stages
or an output of the same stage, and an output selector selects an arithmometer output to be clocked-in to an
output register by a clock synchronous to the reference clock;

e the above defined configuration as being supplemented by using an output of an output selector of a parallel

processing stage for controlling functions of other output selector.

The SSPP invention comprises:

using switching signals of said input selectors for producing pulses which clock data into output registers of
previous stages;

using switching signals of said output selectors for producing pulses which clock data into output registers of

previous stages;

The SSPP invention also comprises:
using results obtained in earlier stages for controlling later stages operations,

and using results obtained in the later stages for controlling the earlier stages operations.

Proper arrangements of said parallel and sequential combinations and said stages configurations provide real time
processing capabilities for very wide ranges of signal frequencies and enable a wide coverage of very diversified

application areas.

The DWS MSC invention comprises two different methods for accommodating a phase skew between the reference
clock and a required carrier clock frequency of the transmitted signal, and both methods allow elimination of
ambiguities and errors in encoding of output signal data patterns. Said two methods are further defined below:

¢ asource of the reference clock provides frequency or phase alignment with the timing of the data which are
being encoded and sent out in the synthesized output wave-form;

s phase skews between the reference clock and the timing of the destined for transmission data are digitally
measured and translated into implemented by the SSPP phase adjustments of the synthesized signa! which
provide required carrier frequency of the transmitted output signal;

e  both above mentioned methods include measurements of phase or frequency deviations of the destined for
transmission data versus the reference clock, and using said measurements results to assure required carrier

frequency of the synthesized signal.

Furthermore the DWS MSC method comprises phase modulations of the synthesized wave-form by adding or
subtracting a number of reference clock periods and/or a number of fractional delays to a phase of any edge of the
- nthesized wave-form.

Said adding or subtracting of a number of reference clock periods is further referred to as a periodical adjustment,
and said adding or subtracting of fractional delays is further called a fractional adjustment.

The DWS MSC method allows synthesizing of any waveform by modulating a phase of the reference clock with

periodical and/or fractional adjustments of any size.
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6. General Definition of Phase Synthesizer

The invention also includes the Phase Synthesizer (PS) for carrying out the DWS MSC method; as it is further
explained below and is shown in FIG.4, FIG.4A, FIG.S, and FIG.6. The Timing Diagram of the PS is shown in the
FIG.7. '

Said phase synthesizer provides programmable modifications of a phase of a synthesized clock by unlimited number
of gate delays per a modification step with step resolution matching single gate delay at steps frequencies
ranging from 0 to 1/2 of maximum clock frequency, wherein:

a delay control circuit is connected to a programmable control unit (PCU) wherein the delay control circuit defines
size and frequency of phase delay modifications of the synthesized clock versus a reference clock, the delay
control circuit also having a terminal connected to reference sub-clocks generated by a reference propagation
circuit or connected to odd/even sub-clocks generated by an odd/even phase selector;

the reference clock is connected to the reference propagation circuit consisting of serially connected gates wherein
outputs of the gates generate the reference sub-clocks providing variety of phase delays versus the reference
clock:

the reference sub-clocks are connected to an odd/even phase selector which splits the reference sub-clocks by
generating separate odd sub-clocks and even sub-clocks, wherein the odd sub-clocks begin during odd cycles of
the reference clock and the even sub-clocks begin during even cycles of the reference clock;

a clock selection register is loaded by the odd sub-clocks and by the even sub-clocks with the outputs of the delay
control circuit, wherein the odd sub-clocks or the even sub-clocks beginning during an earlier cycle of the
reference clock download outputs of the delay control circuit which select the even sub-clocks or the odd sub-
clocks beginning during a later cycle of the reference clock for providing the synthesized clock;

#n output selector is connected to the output of the clock selection register and to the outputs of the odd/even phase
selector, wherein the output selector uses inputs from the clock selection register for selecting output of the

odd/even phase selector which is passed through the output selector for providing the synthesized clock.

The above defined PS can use the odd/even phase generator or the 1-P phase generator, which have been already

defined above.

The PS can use the delay control circuit implemented with the parallel multiphase processor (PMP) which has been

already defined above.
The PS invention comprises 2 different implementation methods, which are explained below.

The first PS implementation method is based on moving a synthesized clock selection point from a delay line which
propagates a reference clock (see the F1G.4); wherein:

said phase increases are provided by moving said selection point of the synthesized clock from the reference clock
tropagation circuit, in a way which adds gate delays to a present delay obtained from the propagation circuit;

suid phase decreases are provided by moving said selection point of the synthesized clock from the reference clock

propagation circuit, in a way which subtracts gate delays from a present delay obtained from the propagation circuit;
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The first PS implementation method is conceptually presented in FIG.4 & FIG.6, and its principles of operations are
explained below.

The PLL x L Freq. Multiplier produces the series of sub-clocks CIk0, CIkR - ClkI.

The sub-clock CIk0 keeps clocking in a reversed output of its own selector PRO.

The sub-clocks CLKR-CIk1 keep clocking in outputs of the previous selectors PR0O, PRR - PR2 into their own
selectors PRR-PRI. .

Since the selector PRO is being reversed by every Clk0, every selector in the PRO, PRR - PRI chain is being
reversed as well by a falling edge of its own sub-clock CIk0. CIkR - CIk1, and every selector in the chain represents
reversal of its predecessor which is delayed by a single sub-clock fractional delay.

Consequently the PRO, PRIN - PRR select sub-clocks Clk0, Clk1 - CIkR during any odd processing phase, and
their reversals PRON, PRI - PRRN select sub-clocks CIk0, Clk1 - CIkR during any even processing phase.

The odd/even processing phase has been named phasel/phase2, and their sub-clocks are named [ CIk0,1Clk]1-
1CIkR/2C1k0,2Clk1-2CIkR accordingly.

¢ ince said phasel/phase2 sub-clocks are used to run a phase synthesis processing in separate designated for
rhasel/phase2 phase processing stages which work in parallel, a time available for performing single stage
operations is doubled (see also the FIG.6 for more comprehensive presentation of said parallel processing).
Furthermore, the Clock Selection Register | (CSR1) can be reloaded at the beginning of the phase2 by the 2CI1k0
and its decoders shall be ready to select a glitch free phasel sub-clock which is defined by any binary content of the
CSRI1.

Similarly the CSR2 is reloaded by the 1CIkO, in order to select a single glitch free sub-clock belonging to the

phase2.

The second PS implementation method is based on adjusting alignment between an exit point of the synthesized
clock from the reference propagation circuit versus an input reference clock; in a way which adds gate delays for
phase increases, and subtracts gate delays for phase decreases.

The second method is presented in FIG.4A, and its differences versus the FI1G.4 are explained below.

The moving exit point from the driven by Fsync/2Dsel phase locked delay line is used as a return clock for the PLL
x 2Dsel multiplier, instead of using a fixed output of the INVO0 to be the PLL return clock.

I he fixed output of the INV0 is divided by the programmable frequency divider (PFD) in order to provide the
svnthesized clock Fsynt, instead of the moving synthesized clock selection point.

The first method exit point alignments, introduce phase jumps which cause synthesized clock jitter. The second
method configuration shown in Fig.4A, filters out Fsynt jitter frequencies which are higher than a bandwidth of the

multiplier’s PLL.

While any of the two PS implementation methods is shown above using a particular type of a reference clock
propagation circuit, the PS invention comprises using all the listed below reference clock propagation circuits by
any of the two methods:

an open ended delay line built with serially connected logical gates or other delay elements;

a ring oscillator built with serially connected logical gates or other delay elements, which have propagation delays
controlled in a PLL configuration;

a delay line built with serially connected logical gates or other delay elements, which have propagation delays



WO 2007/000060 19 PCT/CA2006/001120

controlled in a Delay Locked Loop (DLL) configuration.

| bshall be noticed that further splitting to more than 2 parallel phases is actually easier than the splitting to the
original 2 processing phases; because while one of the phases is active, its earlier sub-clocks can be used to trigger
flip-flops which can segregate sub-clocks which belong to multiple other phases and can be used to drive the other
parallel phases.

Consequently using this approach; allows increasing parallel stages processing times to multiples of reference clock
periods, and provides implementation of said DWS MSC multiple phase processing which has been introduced in

the previous section.

Said selection of a sub-clock for synthesized clock timing, can be physically implemented in two different ways:
by using phase producing gates from 1inv0 to 1invR and from 1inv0 to 1invR, as having 3state outputs with enable
inputs EN, one of which is enabled by one of the outputs of the sub-clock selection gates from 1sel0 to 1selR and
from 2sel0 to 2selR;

or by using the sub-clock selection gates which have all their outputs connected into a common collector
configuration (instead of having them followed by the 3state gates), in order to allow a currently active output of

one of the sub-clock selection gates to produce a phase of the synthesized clock FselN.

The PS invention comprises fractional adjustments of synthesized clock phase for providing high resolution phase
modifications by fractional parts of a reference clock period.

The PS invention comprises combined periodical and fractional adjustments of synthesized clock phase, which use
counters of reference clock periods for generating counter end (CE) signals when a periodical part of a phase
adjustment is expired.

The PS invention further comprises using said counter end signals for generation of control signals which assign
and/or synchronize consecutive parallel processing phases for processing consecutive combined or fraciional phase

adjustments of the synthesized clock.

The PS invention comprises:

e Using a basic periodical adjustment and a basic fractional adjustment for providing a basic phase step, which
can remain the same for multiple edges of the synthesized clock.

*  Using a modulating periodical adjustment and a modulating fractional adjustment, which can be different for
every specific edge of the synthesized clock.

¢ Using said DWS MSC and SSPP methods for processing of said basic periodical adjustments, basic fractional
adjustments, modulating periodical adjustments and modulating fractional adjustments for calculating
periodical and fractional parts of combined adjustments.

*  Processing of said calculated combined adjustment with a positioning of a synthesized clock previous edge for

calculating a periodical and a fractional part of the next edge position of the synthesized clock.
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7. General Definition of Frame Phase Detector

The Frame Phase Detector (FPD) operates as follows:

reasures local clock phase continuously by counting time units signaled by the local clock;

uses abstract frame consisting of time intervals defined by software for high resolution measurements of local clock
phase error versus an external clock phase defined by it’s frame signaled by external events, wherein such time
intervals expected by software and expressed in local time units are subtracted from time intervals between
said external events measured in Jocal clock units;

resulting phase error is read back by software subroutines.

Using such software defined frame instead of using an equivalent frame produced by hardware is advantageous, as
it eliminates circuits and errors associated with using such electrical local frame and allows instant phase
adjustments to be applied after the arrival of the external frame thus resulting in more stable DPLL operations.

Furthermore such software frame is more suitable for time messaging protocols such as IEEE 1588.

Subtracting a nominal number of local clock cycles corresponding to an imaginary frame has been aﬁticipated by

Bogdan in US 6,864,672 wherein basic circuits and timing diagrams are shown, however this invention defines

further contributions , such as:

riore comprehensive programming of said software frame, in order to allow timing adjustments in more complex
systems with rapidly changing references frequencies and references phase hits;

programmable presetting of numerical first edge allows elimination of an initial phase error when phase error
measurements begun, in order to enable the use of the FPD for very precise delay measurements in critical
traffic control applications;

elimination of any accumulation of digitization errors with an alternative solution simpler than presently existing

arrangement.
The FPD comprises solutions outlined below.

1. A frame phase detector (FPD) for measuring a frame phase skew between a first frame consisting of a
programmable sequence of expected numbers of sampling local clocks, and a second frame defined with a
series of time intervals located between second frame edges defined by changes of an external frame signal or
by changes of a frame status signal driven with external messages such as time stamps, wherein a frame
measurement circuit captures a number of said sampling clocks occurring during an interval of the second
frame and a phase processing unit subtracts the captured number from the expected number representing
expected duration of the corresponding interval of the first frame; wherein-the frame phase detector comprises:

a means for a detection of said second frame edges, by detecting said changes of the external frame signal, or by
detecting said changes of the frame status driven by the external messages;

the frame measurement circuit using the sampling local clock, which is a higher frequency signal, to measure said
time intervals of the second frame having lower frequency, wherein the frame measurement circuit counts said

sampling clocks occurring during every interval of the second frame and captures and buffers the counted value
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until it is read by a phase processing unit;

the phase processing unit for subtracting the expected number of the sampling clocks from the counted number of
the sampling clocks, in order to calculate an interval phase skew between the expected interval of the first
frame and the corresponding interval of the second frame.

a means for combining said interval phase skews of particular frame intervals into said frame phase skew.

2. A frame phase detector as described in statement 1, wherein said second frame begins with a numerical first
edge, representing initial phase of the second frame, defined as a number of sampling delays between an
expected location of such numerical first edge and the first counted sampling clock, wherein the frame
measurement circuit is preset to the numerical first edge before any said counting of the sampling clocks takes
place; the frame phase detector comprising:

a means for presetting the frame measurement circuit to said numerical first edge before said counting of the
sampling periods of the first interval of the second frame takes place;

a means for supplementing said preset numerical first edge by adding following sampling periods counted until the
second edge of the second frame is encountered, and a means for for capturing and buffering a resulting total
number of sampling periods until it is read by a phase processing unit;

wherein the resulting total number of the sampling periods represents duration of such first interval of the second

frame and is made available for further processing.

3. A frame phase detector as described in statement 1 receiving an incoming wave-form carrying the external
frame signal or carrying the external message; the frame phase detector wherein:
said detection of the second frame edges from the incoming wave-form, is performed by a circuit synchronized with

the local sampling clock and producing a known propagation delay.

4. An FPD as described in statement |, wherein the frame phase skew is calculated without any accumulation of
digitization errors of said intervals phase skews while the single intervals phase skews are still available for
intermediate signal processing; the FPD comprising:

a means for rounding said counted number of the sampling periods by adding 1 such sampling period to the counted
number defining length of said frame interval, wherein 1/2 of the added sampling period approximates a
fraction of the sampling period occurring before said counting of the interval sampling periods and another 1/2
of the added sampling period approximates a fraction of the sampling period occurring after said counting;

whereby such addition of 1 sampling period to every interval measurement, provides all sampling periods occurring
between said counted numbers of sampling periods relating to consecutive intervals of the second frame, and

reduces a digitization error of any long frame to a time sampling error of a single interval.

5. A frame phase detector as described in statement 1 including a high resolution circuit for extending resolution
of phase measurements below a period of the local clock, wherein the high resolution circuit propagates the
local clock through a delay line built with serially connected gates producing different phases of the local
clock; the frame phase detector comprising:

t re high resolution circuit using a phase capture register for capturing a state of outputs of the serially connected

gates, which the local clock is propagated through, at an edge of the interval of the second frame;
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or the high resolution circuit using a phase capture register for capturing an edge of the interval of the second frame
by using the outputs of the serially connected gates as sampling sub-clocks applied to clocking-in inputs of the
phase capture register while said second frame , defined with the frame signal or the frame status, is applied to

data inputs of the phase capture register.

6. A frame phase detector as described in statement 1 including a high resolution circuit for extending resolution
of phase measurements below the period of the local clock, wherein the high resolution circuit propagates the
second frame, defined with the frame signal or the frame status, through a delay line built with serially
connected gates producing different phases of the second frame; the frame phase detector comprising:

the high resolution circuit using a phase capture register for capturing a phase of an edge of the interval of the
second frame by applying the outputs of the serially connected gates which the second frame is propagated
through to data inputs of the phase capture register while the local clock is used for clocking the data inputs in;

¢r the high resolution circuit using a phase capture register for capturing a phase of an edge of the interval of the
second frame by using the outputs of the serially connected gates-which the second signal frame is propagated

through-as clocking in signals while the local clock is applied to data inputs of the phase capture register.

7. A frame phase detector as described in statement | including a noise filtering edge detector (NFED) improving
reliability and precision of said detection of the second frame edges by removing phase noise from wave-form
edges and amplitude glitches from wave-form levels through continues over-sampling and digital filtering of an
entire incoming wave-form carrying said external frame signal or said external messages, wherein the incoming
wave-form is over-sampled with sampling sub-clocks generated by a delay line built with serially connected
gates which the sampling local clock is propagated through, and wave-forms variable length pulses are
processed by comparing an edge mask, which provides an expected pattern of wave-form samples
corresponding to an edge of the wave-form, with a sequence of wave-form samples surrounding a consecutive
analyzed sample; the FPD wherein the NFED further comprises:

a wave capturing circuit for capturing results of sampling the incoming wave-form in time instances produced by
the outputs of the delay line which the sampling local clock is propagated through;

means for performing logical or arithmetic operations on particular samples of the edge mask and their counterparts
from the wave-form samples surrounding the consecutive analyzed sample of the captured wave-form;

means for using the results of said operations for deciding if said operations can determine a filtered location of an
edge of a filtered wave-form, wherein such filtered location is further used for said detection of boundaries of

the second frame.

8. General Definition of Noise Filtering Edge Detector

The invention of the NFED is directed to signal and data recovery in wireless, optical , or wireline transmission
systems and measurement systems.
The noise filtering edge detector (NFED) provides digital filtering of waveform pulses transmitting serial

streams of data symbols with data rates reaching "2 of maximum clock frequency of IC technology.
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The NFED enables:

continues waveform over-sampling with sampling frequencies S times higher than the maximum clock

1 equency;

elimination of phase jitter from edges of the pulses and elimination of amplitude glitches from insides of the
pulses as well;

and a system for adaptive noise filtering based on analysis of captured unfiltered portions of the over-

sampled waveform.

The noise filtering edge detectors (NFED) shall be particularly advantageous in system on chip (SOC)
implementations of signal pirocessing systems.

The NFED invention provides an implementation of programmable algorithms for noise filtering for a very wide
range of low and high frequency wave-forms.

The NFED is based on invention of a synchronous sequential processor (SSP) which allows >10 times faster

processing than digital signal processors of prior art.

The NFED comprises:
the SSP used for capturing and real time processing of an incoming waveform (see the end of this sub-section);
& wave-from screening & capturing circuit (WFSC) (see the end of this sub-section);

a programmable control unit (PCU) for supporting adaptive noise filtering and edge detection algorithms;

The NFED compares: a captured set of binary values surrounding a particular bit of a captured waveform, with an
edge mask comprising a programmed set of binary values.

Such comparison produces an indicator of proximity between the surrounded bit and an expected edge of the
waveform. The indicator is named edge proximity figure (EPF).

Said comparison comprises:

* performing logical and/or arithmetic operation on any bit of the captured set and its counterpart from the edge
mask;

* integrating results of said operations performed on all the bits of the captured set, in order to estimate the EPF
for the surrounded bit;

¢ defining a waveform transition area by comparing the EPF with an edge threshold, wherein a set of bits having
EPFs exceeding the threshold defines the waveform transition area where an edge is expected.

¢ Finding the most extreme EPF by comparing all the EPFs belonging to the same waveform transition area,

wherein such EPF identifies a bit position localizing a filtered edge.

The NFED further comprises:

modulating locations of detected rising and/or falling waveform edges by an edge modulating factor (EMF) used to
modify edge thresholds which are subtracted from the EPFs, wherein such reduced EPFs are used for finding edge
location;

using an edge modulation control register (EMCR) programmed by the PCU, for defining function transforming

said EMFs into said modifications of edge thresholds.
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The NFED still further comprises displacing detected edges by a preset number of bits, in order to compensate for

inter-symbol interference ISI or other duty cycle distortions.

The NFED invention further includes:

using the WFSC for programmable screening of the over-sampled unfiltered wave-form, and for capturing

screened out wave-form intervals, and for communicating said captured intervals and other results to the PCU;

« programmable waveform analysis and adaptive noise filtering algorithms;

¢ edge mask registers for providing said edge masks used for detecting rising and/or falling waveform edges;

s edge threshold registers for providing said edge thresholds used for detecting rising and/or falling waveform
edges;

e cdge displacement registers for providing said edge displacement numbers used for shifting detected rising
and/or falling edges by a programmable number of bits of waveform processing registers;

sfilter control registers which control; said logical and/or arithmetic operations conducting the comparison of
captured waveform bits with the edge mask, and said edge displacements in the processed waveforms;

¢ using the PCU for calculating and loading said edge mask registers and/or said edge threshold registers and/or
said edge displacement registers and/or said filter control registers;

e using the PCU for controlling said calculations of the EMF by presetting the EMCR in accordance with
adaptive noise filtering algorithms.

e using the PCU for controlling and using the WFSC operations for implementing adaptive filters by controlling

noise filtering edge detection stages of the SSP.
I lore complete definition of the NFED invention is provided below.

The NFED invention comprises:

a wave capturing circuit for capturing an incoming wave-form sampled by sub-clocks produced by the outputs of
the delay line which the sampling clock is propagated through;

a circuit performing logical or arithmetic operations on particular samples of the edge mask and their counterparts
from the wave-form samples surrounding the consecutive analyzed sample of the captured wave-form;

using the results of said opérations for defining a filtered location of an edge of the waveform.

Such NFED further comprises:

a filter arithmometer for comparing the edge mask with the captured wave-form in order to introduce noise filtering
corrections of the edges of the filtered wave-form;

a filter mask register providing the edge mask which is compared with the captured wave-form of an input signal
and/or filter control register which provides code for controlling operations of said filter arithmometer in order

to provide said corrections of the filtered wave-form.

the NFED compares said edge mask samples of the expected edge pattern with samples from a consecutive
processed region of the captured wave-form.

Consequently the NFED comprises:

accessing any said consecutive processed region of the captured wave-form and using such region as comprising

samples corresponding to the edge mask samples;
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selection of a consecutive sample from the edge mask and simultaneous selection of a corresponding consecutive
sample from the processed region of the captured wave-form;

calculating a correlation component between such selected samples by performing an arithmetical or lozical
operation on said selected samples;

calculating a digital correlation integral by adding said correlation components calculated for single samples of the

edge mask.

The NFED includes calculating correlation integrals for said consecutive processed regions uniformly spread over

all the captured wave-form, wherein the calculated correlation integrals are further analyzed and locations of their

maximums or minimums are used to produce said filtered locations of said edges of the filtered wave-form;

fuch NFED operations comprise:

moving said processed region by a programmable number of samples positions of the captured wave-form;

storing and comparison of said correlation integrals calculated for different processed regions, in order to identify
said maximums or minimums and their locations;

using said locations of said maximums or minimums for producing the filtered locations of the edges of the filtered

wave-from.

The NFED includes compensation of inter-symbol interference (ISI) or other predictable noise by adding a

programmable displacement to said filtered location of the edge of the wave-form.

Therefore the NFED comprises:

programmable amendment of the filtered location of the wave-form edge by presetting said programmable
displacement with a new coﬁtent:

using such newly preset displacement for shifting the filtered location of the next detected edge.

The NFED includes compensation of periodical predictable noise with programmable modulations of said filtered
locations of the wave-form edges by using an edge modulating factor (EMF) for a periodical diversification of
said edge thresholds corresponding to different said regions of the wave-form; wherein the NFED comprises:

modulation of the filtered locations of the wave-form edges by using the edge modulating factor (EMF) for
modulating said edge thresholds;

subtracting such modulated thresholds from the correlation integrals calculated in said different wave-form regions;

using such reduced correlation integrals for locating said maximums defining locations of filtered edges.

whereby said EMF provides such modulation of the edge thresholds, that predictable noise introduced to
consecutive wave-form samples by known external or internal sources, is compensated.

The NFED further includes:

using an edge modulation control register (EMCR) programmed by the PCU, for said modulation of the edge

thresholds.

The NFED comprises:
sequential processing stages configured into a sequential synchronous pipeline processor driven synchronously with
said sampling clock.

The NFED further comprises parallel processing phases implemented with said synchronous sequential pipelines
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processors; wherein:

said parallel processing phases are driven by clocks having two or more times lower frequencies than said sampling
clock;

consecutive parallel phases are driven by clocks which are shifted in time by one or more periods of said sampling

clock;

The NFED comprises using multiple noise filtering sequential stages in every parallel processing phase for
extending said wave-form filtering beyond a boundary of a single phase.

Such NFED further includes an over-sampled capturing of consecutive wave-form phases in corresponding phases
wave registers which are further rewritten to wave buffers with overlaps which are sufficient for providing all
wave samples needed for a uniform filtering of any edge detection despite crossing boundaries of the wave
buffers which are loaded and used during different said phases; wherein the NFED comprises:

rewriting the entire wave register belonging to one phase into the wave buffer of the same phase and rewriting an
end part of said wave register into a front part of the next phase wave buffer, while the remaining part of the
next wave buffer is loaded from the wave register belonging to the next phase;

whereby every wave buffer contains entire said wave-form regions needed for calculating said EPF's corresponding

to the samples belonging to the phase covered by this buffer.

The NFED includes:

merging of said parallel processing phases, wherein multiple said parallel processing phases are merged into a
smaller number of parallel phases or into a single processing phase, when passing from one said sequential
processing stage to the next sequential stage.

splitting of said parallel processing phases, wherein one said processing phase is split into multiple parallel
processing phases or multiple parallel processing phases are split into even more parallel phases, when passing

from one said sequential processing stage to the next sequential stage.

The NFED includes said PCU for analyzing results of said real time signal processing form the SSP and for

controlling operations of the SSP; wherein the PCU comprises:

means for reading results of captured signal processing from the SSP;

.+eans for programming the filter mask register and/or the filter control register and/or said presetting of the
programmable displacement and/or the edge modulating factor, which are applied for achieving said filtering of

the captured wave-forms.

The NFED includes a wave-form screening and capturing circuit (WFSC) for capturing pre-selected intervals of
unfiltered over-sampled wave-form; wherein the WFSC comprises:

using programmable screening masks and/or programmable control codes for verifying incoming wave-form
captures for compliance with said programmable screening masks.

buffering captured wave-form for which the pre-programmed compliance or non-compliance has been detected, or
for counting a number of said detections;

communicating said buffered wave-form and a detections counter to the PCU.



WO 2007/000060 ' 27 PCT/CA2006/001120

The PCU reads resulting captured signals from the WFSC and controls operations of the WFSC: wherein the PCU

comprises:

programming the screening masks and/or the control codes for performing said verification of captured wave-forms
compliance or non-compliance with said screening patterns;

reading verification results and/or reading captured wave-forms which correspond to the preprogrammed

verification criteria.

The NFED includes using said PCU for adaptive noise filtering; wherein the PCU comprises:

means for programmable waveform analysis;

means for loading edge mask registers which provide said edge masks used for detecting rising and/or falling wave-
form edges;

or means for loading edge threshold registers which provide said edge thresholds used for detecting rising and/or
falling waveform edges;

or means for loading edge displacement registers which provide said edge displacements used for shifting detected
rising and/or falling edges By a programmable number of samples positions of the captured wave-form:;

or means for loading filter control registers which control said logical and/or arithmetic operations conducting the
comparison of captured wave-form samples with the edge mask, and said edge displacements in the processed
wave-forms;

“v means for controlling said EMF by presetting the EMCR in accordance with adaptive noise filtering algorithms.
General definition of the SSP is provided below.

The SSP includes real time capturing and processing of in-coming wave-form and a programmable computing unit

(PCU) for controlling SSP operations and supporting adaptive signal analysis algorithms.

Said SSP comprises an over-sampling of incoming wave-form level by using a locally generated sampling clock and

its sub-clocks generated by.the outputs of serially connected gates which the sampling clock is propagated through.

If an active edge of the wave-form is detected by capturing a change in a wave-form level, the position of the

captured signal change represents an edge skew between the wave-form edge and an edge of the sampling clock.

In addition to the above wave-form capturing method, the SSP includes 3 other methods of the edge skew capturing

which are defined below: '

* the sampling clock captures the outputs of serially connected gates which the incoming wave-form is
propagated through;

» the outputs of serially connected gates which the incoming wave-form is propagated through, provide wave-
form sub-clocks which capture the sampling clock.

¢« the incoming wave-form captures the outputs of serially connected gates which the sampling clock is
propagated through;

The above mentioned edge skew capturing methods further include:

¢ using falling edges of said sub-clocks for driving clock selectors which select parallel processing phases during
which positive sub-clocks are enabled to perform said edge skew capturing, or using rising edges of said sub-
clocks for driving selectors which select parallel processing phases during which negative sub-clocks are

enabled to perform said edge skew capturing;
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e using serially connected clock selectors for enabling consecutive sub-clocks, in order to assure that consecutive
sub-clocks will target appropriate consecutive bits of appropriate capture registers.

The SSP invention includes using said serially connected gates:

e as being an open ended de]éy line;

e or being connected into a ring oscillator which can be controlled in a PLL configuration;

e  or being connected into a delay line which can be controlled in a delay locked loop (DLL) configuration.

Every said edge skew amounts to a fraction of a sampling clock period.

"t he SSP invention comprises measuring time intervals between active wave form edges, as being composed of said

edge skew of a front edge of the incoming waveform, an integer number of sampling clock periods between the

front edge and an end edge, and said edge skew of the end edge of the wave-form.

The SSP invention further comprises a parallel multiphase processing of incoming signal by assigning consecutive

parallel phases for the capturing of edge skews and/or processing of other incoming wave-form data with clocks

which correspond to consecutive sampling clocks.

Consequently the SSP invention comprises using | to N parallel phases which are assigned for processing incoming

signal data with clocks corresponding to sampling clock periods numbered from 1 to N, as it is further described

below:

e circuits of phasel process edge skews or phase skews or other incoming signal data with a clock which
corresponds to the sampling clock period number 1;

e circuits of phase2 process edge skews or phase skews or other incoming signal data with a clock which
corresponds to the sampling clock period number 2;

o finally circuits of phase N process edge skews or phase skews or other incoming signal data with a clock which
corresponds to the sampling clock period number N.

Said parallel multiphase processing allows N times longer capturing and/or processing times for said multiphase

stages, compared with a single phase solution.

The SSP invention includes parallel stage processing of incoming signal by providing multiple processing stages
which are driven by the same clock which is applied simultaneously to inputs of output registers of all the parallel

stages.

The SSP further comprises a synchronous sequential processing of incoming signal by using multiple serially
connected processing stages with every stage being fed by data from the previous stage which are clocked-in by a
clock which is synchronous with the sampling clock.

Since every consecutive stage is driven by a clock which is synchronous to the same sampling clock, all the stages
are driven by clocks which are mutually synchronous but may have some constant phase displacements versus each

other.

the SSP further comprises:
« merging of processing phases which occurs if multiple parallel processing phases are merged into a smaller
number of parallel phases or into a single processing phase, when passing from a one processing stage to a next

processing stage:
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s  splitting of processing phases which occurs if one processing phase is split into multiple processing phases or
multiple processing stages are split into even more processing stages, when passing from a one processing stage

to a next processing stage.

The SSP invention includeé a sequential clock generation (SCG) circuit which uses said clock selectors and said
sub-clocks: to generate SSP clocks which drive said parallel phases and said sequential stages, and to generate
selector switching signals for said merging and splitting of processing phases.

The SSP invention includes time sharing of said parallel phases: which is based on assigning a task of processing of
a newly began wave-form pulse to a next available parallel processing phase.

The SSP comprises a sequential phase control (SPC) circuit, which uses results of a wave edge decoding and said
SSP clocks, for performing said time sharing phase assignments and for further control of operations of an
already assigned phase.

1 he SSP comprises passing outputs of a one paralle! phase to a next parallel phase, in order to use said passed
outputs for processing conducted by a following stage of the next paralle! phase.

The outputs passing is performed: by re-timing output register bits of the one phase by clocking them into an output
register of the next parallel phase simultaneously with processing results of the next parallel phase.

The SSP further comprises all the possible combinations of the above defined: parallel multiphase processing,
parallel stage processing, synchronous sequential processing, merging of processing phases. splitting of
processing phases, and outputs passing.

The SSP invention includes processing stage configurations using selectors, arithmometers, and output registers,
which are arranged as it is defined below:

o input selectors select constant values or outputs of previous stages or outputs of parallel stages or an output of
the same stage to provide arithmometer inputs, and arithmometer output is clocked-in to an output register by a
clock which is synchronous to the sampling clock;

o multiple arithmometers are fed with constant values or outputs of previous stages or outputs of parallel stages
or an output of the same stage, and an output selector selects an arithmometer output to be clocked-in to an
output register by a clock synchronous to the sampling clock;

«  the above defined configuration as being supplemented by using an output of an output selector of a

parallel processing stage for controlling output selector functions.

Proper arrangements of said parallel and sequential combinations and said stages configurations provide real time
processing capabilities for very wide ranges of signal frequencies and enable a wide coverage of very diversified

application areas.

General Description of the WFSC s provided below (see the sub-section 4 of the next section for preferred

embodiment of WFSC).

The wave-form screening and capturing circuits (WFSC) comprises:
s using programmable data masks and programmable control codes for verifying incoming wave-form captures
for compliance or non-compliance with a pre-programmed screening patterns;

e buffering captured data for which the pre-programmed compliance or non-compliance have been detected:
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counting a number of the above mentioned detections;

communicating both the buffered captured data and the number of detections, to an internal control unit and/or
to an external unit;

using programmable time slot selection circuits for selecting a time interval for which wave-form captures shall

be buffered and communicated to the PCU.

Said PCU comprises implementation of the functions listed below:

*

programming of verification functions and patterns for checking captured wave-forms for compliance or non-
compliance with the péttems;

reading verification results and reading captured wave-forms which correspond to the preprogrammed
verification criteria;

reading captured wave-forms which can be pre-selected by the PCU arbitrarily or based on other inputs from
the SSP;

programming of noise filtering functions and noise filtering masks for filtering captured wave-forms;

reading results of real-time wave-form processing from the SSP, processing the results and providing control
codes and parameters for further real-time wave-form processing in the SSP, in accordance with adaptive signal
processing algorithms;

reading output data from the SSP, interpreting the data, and communicating the data to external units.
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DESCRIPTION OF THE PREF-ERRED EMBODIMENTS
1. Phase Synthesizer

I he above mentioned first PS implementation is selected for the preferred embodiment, and it is shown in the

11G 4, F1G.5, FIG.6 and F1G.7.

The PS invention comprises wave timing definition, which includes two major components downloaded to the PS
from the PCU:

basic less frequently changed phase adjustments, which can include both periodical adjustments and fractional
adjustments, define more stable components of wave-form phase;

high frequency phase modulations, which can include both the periodical adjustments and the fractiona!
adjustments, allow every leading edge phase and/or every falling edge phase to be modulated with a different
modulation factor.

Said phase modulations are downloaded to the PS simultaneously in batches containing multiple different
modulation factors, where every said batch refers to a series of consecutive wave edges.

The PS has internal selection circuits, which select and use consecutive modulation factors for modulating phases of

consecutive edges.

I 1 order to allow higher wave generation frequencies, 2 parallel processing circuits are implemented which use

consecutive phasel / phase2 circuits for synthesizing phases of consecutive odd/even edges.

As it is shown in the FIG.6, said basic phase adjustments are loaded to the Periodical Number Buffer (PNB) and to
the Fractional Number Buffer (FNB); where they remain unchanged until PS internal Modulations Counter (MC)
reaches MC = 0 condition.

On the other hand, said modulation factors M1, M2 - M6, M7 are shifted left, by one factor for every new edge, in
the Phase Modulation Buffers (PMB1/PMB?2) for providing consecutive modulation factor needed for a next edge
in the left end of the PMB1/PMB2.

Such updated modulation factor is then added to the basic phase adjustments and resulting modulated phase
adjustments are downloaded into the Periodical Number Registers (PNR1/PNR2) and into the Fractional Number
Registers (FNR1/FNR2). '

In order to synthesize an actual position of a new edge of the synthesized waveform; said downloaded modulated
1.hase adjustments need to be added to a current edge position, and the results of said addition are downloaded into

tne Periods Counters (PC1 or PC2) and into the Fractional Selection Register (FSR)

The Sequential Clocks Generator (SCG) and Output Selection Circuits (OSC) are shown in the FIG.4 and have been

already explained in the sub-section "6. General Definition of Phase Synthesizer" of the previous section.
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The Clock Selection Register 1/2 (CSR1/CSR2) specifies a sub-clock which will be selected in a forthcoming
Phase2/Phasel cycle of the reference clock fsync.

In order to remain settled during a whole next cycle of the fsync, the CSR1/CSR2 registers are loaded by the early
sub-clocks of the present Phase2/Phasel cycle of the fsync.

The CSR1/CSR?2 are loaded:

with a current content of the Fractional Selection Register (FSR) (shown in FIG.6), if the LD_C1 or LD_C2 (Load
Counter 1 or Load Counter2) signal indicates that an end period of the present phase adjustment is indicated by the
C2E or C1E (Counter 2 End or Counter 1 End) accordingly (see FIG2 and F1G.3);

with the binary value 25-1=R+1 which exceeds ranges of the 1* Clock Selector (1CS) and the 2" Clock Selector
(2CS) and results in none of selectors outputs being activated and none of sub-clocks being selected during a

IHllowing phase cycle.

The Timing Control (TC) circuits are shown in FIG.5, the resulting Timing Diagram of Phase Synthesizer (TDPS)

is shown in FIG.7, and TC operations are explained below.

The LD_C1 signal enables loading of the Period Counter | (PC1) with a number of periods which the previous
stages of the Synchronous Sequential phase Processor (SSPP) have calculated for the current phase adjustment.
Said download deactivates/activates the C1E signal if a downloaded value is (bigger than 1) / (equal to 1)
accordingly. When said downloaded value is bigger than 1, the C1EN = | enables decreasing the PC1 content by 1
at every leading edge of the Clk1.1 until the PC1 = 1 condition is achieved and is detected by the PC1-OVF
Detector which signals it with thve CI1E = 1 signal.

It shall be noticed that: when a fractional part of a phase adjustment calculated in said FSR reaches or exceeds a
whole period of the fsync, the overflow bit FSR(OVF) = 1

is activated and switches the PC1=1-OVF DETECTOR from said 1 detection mode to a 0 detection mode which

prolongs current phase adjustment by 1 fsync period.

The phase 2 control circuit is driven by the C1E and by the LD C1, and controls phase 2 operations with signals

L.D C2,LD RE2,LD BU2; as it is further explained below:

e  The first C1E activation period generates the LD C2 signal, and is followed by setting the LDR2 FF which
terminates the LD C2.

« The LD _C2 signal; enables loading of PC2 with a periods number for the next phase adjustment, enables
loading of the FSR with a fractional adjustment for the next phase adjustment, and enables a downloading of
the FSR to the CSR1 or to the CSR2.

e The LDR2 FF = 1 generates the leading edge of the LD RE2 signal.

e The LD REZ2 signal clocks in; a new modified fractional adjustment to the Fractional Number Register 2
(FNR2), and a new modified periodical adjustment to the Periodical Number Register 2 (PNR2).

e When the period number loaded by the LD _C2 is counted down to its end by the PC2, the C2E signal activates
the LD_CI similarly as the C1E has activated the LD C2.

e The LD C1 =1 resets both the C1E and the LDR2_FF in the next cycle;

e The LDR2 FF = 0 generates the leading edge of the LD BU?2 signal.

« The LD BU?2 signal clocks in; a previous PMB2 content shifted left by S+1 bits, or a new
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PM[M6,M4. M2 MO0] content from the PCU when the Modulations Counter (MC) is decoded as MC=0.

The phase 1 control circuit is similarly driven by the C2E and by the LD_C2; and similarly generates the LD C1,

LD RE1, LD BUI signals for controlling phase!

operations.

The only differences in the phase 1 versus phase 2 operations, are specified below:

e The LD BUTI signal clocks in a decreased by 1 value to the MC which is the modulo 4 counter.

¢«  The DECODER MC=0 generates the MC=0 signal which selects provided by the PCU; the Periodical Number
(PN) / the Fractional Number (FN) / the Phase Modifications (PM) to be loaded into the Periodical Number
Buffer (PNB / the Fractional Number Buffer / the Phase Modifications Buffer 1(PMB1) by the leading edge of
the LD BUI.

e The DECODER MC=1 generates the MC=1_INT interrupt signal to the PCU, which informs the PCU that all
the above mentioned phase adjustment parameters have been already stored in the PS buffers and can be

replaced by new phase adjustment parameters.
2. Heterodyne Timing Configuration

FIG.3 shows the heterodyne timing configuration (HTC) according to the preferred embodiment.
The HTC integrates both Digital PLLs (DPLLs) and Analog PLLs (APLLs) into a single CMOS ASIC, with the
exception of the external VCXO which provides a stable clock (Fil LocClk) having very low phase jitter.

Caid APLL mode of the HTC is described below.

T'he Reference Selector (RFS) is programmed by the PCU to select one of the external reference clocks
(Ext_RefCIk). Such selected external reference clock is applied to the reference input of the Analog Phase Detector
(APD) which drives the Loop Filter of the VCXO which provides the stable low jitter output f filter.

The Fil_OutCIk; drives the Output PLL (OUT PLL), and is connected to the fsync/L input of the Return Clock
Synthesizer (RET PS) which is implemented with the PS embodiment described in the previous section.

The RET _PS synthesizes the RetClk, which is connected to the APD return input.

It shall be noticed that very.wide ranges of the RET PS frequency adjustments, enable the PCU to tune the RET PS
to any frequency which the selected external reference may have.

Said OUT_PLL generates the output reference clock (OutRef) which drives the Output Clocks Generator (OCG)
which provides all the major HTC output clocks OutCIk(T:1).

Since the OCG consists of frequency dividers having very tightly controlled and well matched propagation delays,

all the OutClk(T:1) are phase aligned with the Fil_OutClk and between themseives.

The DPLL mode of the HTC is described below.

The Fil_OutClk signal is programmed to be selected by the RFS for the APD reference signal, and the RET_PS
rrovides the APD return signal which is synthesized from the same Fil_OutClk signal.

One of the external reference waveforms (Ext_RefWfm) is selected by a selector controlled by the PCU for being
processed by the NFED providing the filtered reference waveform (Fil_RefWfm), which is connected to the Time
Stamp Decoder (TSD) and to the FPDI.
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i ocal oscillator fixed output (LocOsc) is connected to the FPD2.
Both frame phase detectors FPD1 / FPD2 shall use the high frequency sampling clock (SampClk) for accurate
digital measurements of the PhaErrl and the PhaErr2.
Said sampling clock is generated by the frequency multiplier OutRefxR from the OutRef generated by the
OUT PLL.
Since the OutCIk(T:1) output clocks are phase aligned with the OUT _PLL ouput clock OutRet, and the sampling
clock SampClk is phase aligned with the OutRef as well; the SampClk is phase atigned with the HTC output clocks
QutCIk(T:1).
The FPD1 measures a phase error between the sampling clock SampClk and the Ext_RefWfm, as 1=

_samp _wfm.

The FPD2 measures a phase error between the sampling clock SampClk and the LocOsc,as 2= _samp _osc.
The PCU reads the measured phase errors and uses the RET_PS to introduce digital phase displacements between
the APD reference input and the APD return input which will drive the VCXO based PLL for providing required
phase transfer functions between the Fil_OutClk and the Ext_RefWfm.
Since the Fil OutClk drives the OUT_PLL which has much higher BW than the VCXO PLL and the OUT_PLL
w:termines phase of the OutClk, the OutClk implements the same phase transfer function as the Fil_OutClk.
Based on the measurements of 1 and 2, the PCU calculates said Periodical Numbers (PN), Fractional
Numbers (FN) and Phase Modifications (PM) which need to be provided to the Return Phase Synthesizer
(RET PS): in order to achieve a preprogrammed transfer function between the HTC output clocks and the selected

DPLL reference clock Ext_RefWfm.

HTC free-run and hold-over modes use the above described DPLL mode configuration, as it is described below.
In the free-run mode; the PCU uses the phase error measurements for calculating phase differences which need to
be inserted via the RET_PS for providing said OutClk locking to the local oscillator LocOsc.

In the hold-over mode; the PCU inserts phase differences via the RET PS which cause the OutClk to maintain its

last frequency displacement versus the LocOsc.

3. Noise Filtering Edge Detectors

The preferred embodiment implements the above defined general components of the NFED and is shown in FIG.8,

11G.9 and F1G.10.

The NFED comprises over-sampling and capturing of consecutive wave-form intervals in specifically dedicated
consecutive wave registers, wherein odd intervals are written into the wave register | WR and even intervals are
written into the wave register 2WR. Therefore incoming stream of samples is split into the two parallel processing
phases (sometimes named as parallel synchronous pipelines). The first processing phase begins in the wave register
1WR and the second begins in the register 2WR. Such splitting into 2 parallel phases obviously doubles cycle time
available in the sequential stages following the register I WR and in the stages following the 2WR as well.

A sequential clock generation circuit (SCG) shows a method for splitting a steady stream of mutually overlapping
sub-clocks spaced by a gate delay only into sub-sets of sub-clocks active during their dedicated phases only and

non-active during all other phases. Such subsets are obviously used for providing timing for their dedicated phases.
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The wave register 1 WR is further split into 2 parallel sub-phases and the 2WR s split into other 2 parallel sub-

phases, for the purpose of quadrupling cycle time available in said sub-phases (see the FIG.8 showing the wave

registers lWR, 2WR followed by the wave buffers 11WB, 12WB, 21WB, 22WB).

In order to provide all wave samples needed for the filtering edge detection along a whole wave buffer, the NFED
invention includes rewriting:

e the end part 2WR(R:(R-M+1) of the wave register 2WR, into the front parts 1! WB(M:1),12WB(M:1) of the
wave buffers 11WB,12WB;

o the end part IWR(R:(R-M+1) of the wave register | WR, into the front parts 21WB(M:1),22WB(M:1) of the
wave buffers 21WB,22WB.

The preferred embodiment is based on the assumptions listed below:

o the wave registers | WR and the 2WR are 15bit registers (i.e. R=14);

«  the rising edge mask REM(M:0) and the falling edge mask FEM(M:0) are 8bit registers (i.e. M=7) and the
PCU loads the same masks equal to 00001111 to both mask registers;

¢ the rising edge threshold RET is loaded with 0110 (6 decimal), and the falling edge threshold FET is loaded
with 0010 (2 decimal);

The digital filter arithmometers 21DFA1/22DFA1/11DFA1/12DFAT1 perform all the comparison functions, between
the edge mask registers REM/FEM and the waveform buffers 21WB/22WB/1 1 WB/I2WB involving the edge

threshold registers RET/FE.T, with the 3 basic operations which are further explained below.

The first operation is performed on all the waveform bits and involves the edge mask bits as it is specified below:
For every waveform buffer consecutive bit WBy the surrounding bits WBys , WBi;, WBy, , WBy , WB,, WBy.,,
WBi., , WBy.; are logically compared with the mask bits By, By, B2, B;, B4, Bs, Bg, By and the resulting 8bit
binary expression BE,(7:0)is created as equal to;

BEL(0) = (WBw.4=Bo) , BEW(1) = (WBs=B)) . BEW(2) = (WB»=B,) .

BE\(3) = (WBy,=Bs) , BE(4) = (WB=By) , BE(5) = (WBy1=Bs)

LEW6) = (WB2=Bg) , BEW(T) = (WB.:=By) .

The second operation adds arithmetically all the bits of the binary expression BE((7:0) and the resulting edge
proximity figure EPFy is calculated as equal to EPF= BE,(0) + BE(1) + BEW2) + BE(3) + BEW(4) + BEW(5) +
BE(6) + BE(7) which shall amount to a 0 - 8 decimal number.

During the first and the second operations: all bits of any particular wave buffer have their specific edge proximity
figures calculated at the same time during a cycle assigned for one of the arithmometers
21DFA1/22DFA1/11DFA1/12DFA1 attached to that buffer.

Since there are 15 bits in every wave buffer every such arithmometer consists of 15 parallel micro-arithmometers,
wherein each such micro-arithmometer performs operation on an 8bit edge mask and on 8bit wave region.

Since this arithmometers perform the most intense processing, said quadrupling of cycle time by gradual splitting

from the original 1 phase into the present 4 parallel phases was needed.

The third operation performs functions explained below:
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e In order to carry the same level from the last bit of the previous phase DFR1 into the following bits of the
present phase digital filter register2 (DFR2), the last bit DFR1(R) of the previous DFR1 is always rewritten into
the carry bit DFR1(C) of the present DFR1 and is used by the digital filter arithmometer2 (DFRA2) to fill front
bits of the DFR2 with the séme level as the last bit of the previous phase DFR1. The verification is made if the
EPF, indicates a rising edge condition by exceeding the content of the rising edge threshold RET(T:0).
Consequent detection of the EPF, > RET = 6 condition, sets to level = 1 the corresponding DFR 1, bit of the
DFR1 and all the remaining bits of the present DFR1 until a falling edge is detected as it is explained below.

v The verification is made if the EPF, indicates a falling edge condition by being smaller than the content of the
falling edge threshold FET(T:0). Consequent detection of the EPF, < RET = 2 condition, sets to level = 0 the
corresponding DFR 1y, bit of the DFR1 and all the remaining bits of the present DFR1 unless a rising edge is

detected as it explained above.

The digital filter arithmometers 21 DFA2/22DFA2/11DFA2/12DFA?2 perform; the inter-phase continuation of filling
front bits of the present phase register in accordance with the level set in the last bit of the previous phase,
followed by said edge displacement which compensates for duty cycle distortions due to inter-symbol
interference (ISI), etc..

The edge displacement comprises the 3 basic operations described below.

e Any DFRI rising edge, indicated by a level 0 to | transition, is shifted left by a number of bits specified by a
content of the rising edge di.splacement register (RED(D:0)) loaded by the PCU in accordance with its filtering
algorithms.

e Any DFR1 falling edge, indicated by a level 1 to 0 transition, is shifted left by a number of bits specified by a
content of the falling edge displacement register (FED(D:0)) loaded by the PCU in accordance with its filtering
algorithms.

« In order to propagate said displacement operations from the present phase to the previous phase; the
propagated sign of the edge bit (DFR2(Sp)) and the propagated bits (DFR2(Dp:0)), are calculated by the DFA2
and are written down into the DFR2 extension DFR2(Sp,Dp:0).

In order to propagate said displacement operations from the next phase DFR2 into end bits of the present phase
digital filter register3 (DFR3); the propagated sign of the edge bit and the propagated displaced bits
DFR2(Sp,Dp:0) from the next phase, are used by the digital filter arithmometer3 (DFRA3) to fill end bits of the
digital filter register3 (DFR3) with the correctly displaced bits propagated form the next phase to the present phase.

4. Wave-Form Screening and Capturing

The wave-form screening and capturing (WFSC) of screened out intervals is performed by the circuits which are

shown in FIG.11 and the timing diagrams of the WFSC are shown FI1G.12.

i he WFSC allows the PCU to perform screening and capturing of the incoming signal, for timing intervals which
correspond roughly to a period of a single data bit, based on a content of the wave buffers [1WB, 12WB, 21WB
and 22WB.
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The WFSC allows the PCU to screen signal quality of incoming wave form, by applying programmable screening

functions using programmable data masks, as it is listed below:

e content of said wave buffers can be verified for compliance or non compliance with a mask provided by the
PCU, based on verification functions and verification tolerances which are programmed by the PCU;

e if any wave buffer verification detects preset by PCU screening out criteria to be met, the corresponding
content of a wave buffer is captured and made available for PCU for further analysis;

e in addition to the wave buffer capturing, a number of said screened out results will be counted and

communicated to the PCU as well.

In addition to the above mentioned screening; the WFSC allows also the PCU to select arbitrarily a content of any

of the wave buffers during any particular time slot; for being captured and made available for analysis by the PCU.

The above mentioned signal screening is implemented by the WFSC, as it is explained below.

Vhe Mask Detection Arithmometrs (1 1MDA and 12MDA) for the WFSC are positioned similarly as the DFAs of

the NFED.

The second stage uses the mask detection arithmometers 1 IMDA/IZMDA for identifying wave-forms which are

beyond usually acceptable range defined by the PCU.

The programmable control unit (PCU) determines logical and/or arithmetical processing which the

1 1MDA/12MDA shall perform, by pre-loading the detection control register (DCR) with a control code applied as

the DCR(P:0) to the 11MDA/12MDA.

Additionally the PCU determines the mask DMR(R:0) which the captured data 11 WB(R:0)/12WB(R:0) shall be

processed against, by pre-loading the detection mask register (DMR).

The 11SEL signal equal to 1/0 selects; the 1 tWB(R:0)/12WB(R:0) to be downloaded to the phase one detected data

buffer (1DDB) by the clock 1CIk2 (see F1G.11 and FIG.12), if the 1 1DET/12DET indicate detection of a pre-

selected mask by the mask detec.tion arithmometer | IDMA/12DMA.

At the beginning of the next time frame, which has 128 phase! cycles, the last captured 1DDB content is further

downloaded to the phasel data register (1DDR) by the clock signal [C{k3/128.

Number of said mask detections is counted in the mask counter buffer (1MCB), as it is explained below:

+  at the beginning of every time frame which has 128 phase!l cycles, the IMCB is reset/preset to 0/1 if there
isn't/is a mask detection for the first cycle of the frame which is signaled by the 1PHA/128ena = 1;

e the IMCB is increased by 1/ kept the same, if there is / isn't any mask detection during a particular phasel
cycle;

o at the beginning of the next time frame, the TMCB is downloaded to the phasel mask counter register (1MCR)
and the output of the IMCB>0 decoder (MCB>0 DEC) is downloaded to the IMCR(P) bit, by the 1CIk3/128.

Said 1DDR and IMCR are read by the PCU, when the beginning of the next frame is communicated to the PCU by

the phasel 128™ clock enable signal (1PHA/128ena) and the above mentioned IMCR(P) = 1 indicates that at least ]

detection of a pre-selected mask occurred during the previous frame.

Said PCU controlled capturing of a wave buffer content is implemented, as it is explained further below.
The sample number register (SNR) is loaded by the PCU: with a phase number defined as phasel/phase2 if the
SNR(0) is set 0/1, and with a particular phase cycle number in a time frame defined by SNR(7:1) bits.
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Since there are 2 phases with 128 cycles per time frame, SNR(7:0) bits define 1 of 256 sampling cycles for having
its wave buffer captured and made available for a further analysis by the PCU.

<aid SNR is downloaded into the phasel sample number buffer (ISNB) at the beginning of a time frame by the first
rhasel clock of the frame 1Clk2/128.

At the beginning of a time frame: the phasel sample number counter (1SNC) is set to 0, since the IPHA/128¢na
selects 0 to be loaded into the 1ISNC by 1CIk2.

During every other cycle of the time frame: 1 is added to the SNC content, since the 1PHA/128ena is inactive
during all the next cycles of the frame.

The 1SNC(7:1) and the 1SNB(7:1) are being compared by the logical comparator (Log.Comp.), which produces the
Eq = 1 signal when their identity is detected.

Said Eq = 1 enables the 1SNB(1) = 0/1 to select the 11 WB(R:0)/12WB(R:0) in the 3:1 selector (3:1 SEL), for
capturing in the phasel sampled data buffer (1SDB).

At the beginning of the next time frame, the output of the 3:1 SEL is additionally captured in the phasel sampled
data register (1SDR) by the signal 1CIk3/128.

Said 1SDR is read by the PCU, which is notified about availability of the requested sample by the signal
IPHA/128ena.
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CLAIMS

While the invention has been described with reference to particular example embodiments, further modifications
and improvements which will occur to those skilled in the art, may be made within the purview of the appended
claims, without departing from the scope of the invention in its broader aspect.

Numerous modification and variations of the present invention are possible in light of the above teachings. It is
therefore to be understood that within the scope of the appended claims, the invention may be practiced otherwise

than as specifically described herein.
What is claimed is:

V. A phase synthesizer providing programmable modifications of a phase of a synthesized clock by unlimited
number of gate delays per a modification step with step resolution matching single gate delay at steps
frequencies ranging from 0 to 1/2 of maximum clock frequency; the phase synthesizer comprising;

a delay contro! circuit connected to a programmable control unit (PCU) wherein the delay control circuit defines
size and frequency of phase delay modifications of the synthesized clock versus a reference clock, the delay
control circuit also having a terminal connected to reference sub-clocks generated by a reference propagation
circuit or connected to odd/even sub-clocks generated by an odd/even phase selector;

the reference propagation circuit, connected to the reference clock, consisting of serially connected gates wherein
outputs of the gates generate the reference sub-clocks providing variety of phase delays versus the reference
clock;

an odd/even phase selector, connected to the reference sub-clocks, for splitting the reference sub-clocks by
generating separate odd sub-clocks and even sub-clocks, wherein the odd sub-clocks begin during odd cycles of
the reference clock and the even sub-clocks begin during even cycles of the reference clock;

a clock selection register loaded by the odd sub-clocks and by the even sub-clocks with the outputs of the delay
control circuit, wherein the odd sub-clocks or the even sub-clocks beginning during an earlier cycle of the
reference clock download outputs of the delay control circuit which select the even sub-clocks or the odd sub-
clocks beginning during a later cycle of the reference clock for providing the synthesized clock;

an output selector connected to the output of the clock selection register and to the outputs of the odd/even phase
selector, wherein the output selector uses inputs from the clock selection register for selecting output of the

odd/even phase selector which is passed through the output selector for providing the synthesized clock.

2. A phase synthesizer providing programmable modifications of a phase of a synthesized clock by a
programmable number of gate delays per a modification step with step resolution matching single gate delay at
steps frequencies ranging from 0 to 1/2 of maximum clock frequency, wherein uncontrolled phase transients
inherent for frequency synthesizers are eliminated; the phase synthesizer comprising:

a reference propagation circuit, connected to a reference clock, consisting of serially connected gates wherein
outputs of the gates generate reference sub-clocks providing variety of phase delays versus the reference clock;

a delay control circuit, connected to a programmable control unit (PCU) and to the reference propagation circuit,
for applying phase delay modifications of the synthesized clock versus a reference clock by modifying

selections of said reference sub-clocks chosen for sourcing the synthesized clock;
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.+re PCU, connected to an interrupt signal generated by the delay control circuit, for supplying programmable

sequences of said phase delay modifications in response to interrupt signals sent by the delay control circuit,

3. A noise filtering edge detector (NFED) for recovering digital signal transitions and their phases from noisy
waveforms while assuming ideal signal shape between the transitions, in order to identify digitally transmitted
data, by continues over-sampling and digital filtering of the incoming waveform based on comparing an edge
mask, representing an expected pattern of wave-form samples corresponding to an edge of the original wave-
form, with a sequence of wave-form samples surrounding a consecutive analyzed sample; the NFED
comprising:

a wave capturing circuit for capturing results of sampling the incoming wave-form in time instances produced by
the outputs of the delay line which the sampling clock is propagated through;

a correlation calculating circuit for performing logical or arithmetic operations on particular samples of the edge
mask and their counterparts from a wave samples region surrounding the consecutively analyzed sample of the
captured wave-form, in order to calculate a correlation integral between the wave samples region and the edge
mask;

¥ proximity estimating circuit for deciding if there is an edge occurrence at the consecutively analyzed sampling
instant based on processing of such correlation integrals calculated for samples belonging to a surrounding

wave region.

4. A noise filtering edge detector (NFED) for recovering digital signal transitions and their phases from noisy
waveforms while assuming ideal signal shape between the transitions, in order to identify digitally transmitted
data, by continues over-sampling and digital filtering of the incoming waveform based on comparing an edge
mask, representing an expected pattern of wave-form samples corresponding to an edge of the original wave-
form, with a sequence of wave-form samples surrounding a consecutive analyzed sample; the NFED
comprising:

a wave capturing circuit, connected to a sampling clock and to the incoming waveform, for continues over-sampling
of the incoming wave-formi

a correlation calculating circuit for performing logical or arithmetic operations on particular samples of the edge
mask and their counterparts from a wave samples region surrounding the consecutively analyzed sample of the
captured wave-form, in order to calculate a correlation integral between the wave samples region and the edge
mask;

@ proximity estimating circuit for deciding if there is an edge occurrence at the consecutively analyzed sampling
instant based on processing of such correlation integrals calculated for samples belonging to a surrounding

wave region.

5. A hybrid phase locked.loop (HPLL) producing a stable low jitter output clock while enabling very high
frequency multiplication factor which can be programmed to any real number belonging to a continues range
from 1 to tens of thousands, wherein a low frequency reference clock multiplied by such factor produces such

HPLL output clock while a desirable preprogrammed phase and frequency transfer function (PFTF) is
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maintained by a micro-contfoller (MC); the HPLL comprising:

an analog phase locked loop (APLL) having one input of it’s analog phase detector (APD) connected to the HPLL
output clock while another APD input is connected to a local synthesized clock produced by a local phase
synthesizer (LPS) connected to the HPLL output clock;

= frequency phase detector (FPD) for measuring a digital phase error between the output clock and the reference
clock, wherein such digital phase error is read by said micro-controller which controls operations of said local
phase synthesizer;

a digital phase locked loop (DPLL) comprising the frequency phase detector and the micro-controller and the local
phase synthesizer, wherein the MC drives said local phase synthesizer into producing phase differences
between the APD inputs needed for implementing said preprogrammed PFTF between the output clock and the

reference clock.

6. An open-ended software controlled synchronizer (OE-SCS) using micro-controller (MC) subroutines for
providing programmable phase frequency transfer function (PFTF) between a reference clock and an output
clock generated by a phase synthesizer totally avoiding uncontrolled phase transients inherent for frequency
synthesizers, wherein such ;Shase synthesizer works in an open loop configuration enabling inherently stable
generation of said output clock and maintains low phase jitter of the output clock independent of phase jitter
levels in the reference clock; the OE-SCS comprising:

a frequency phase detector (FPD) measuring digital phase error between a local clock and said reference clock;

e MC for reading said digital phase error and for processing it and for driving said phase synthesizer into
generating the output clock implementing said PFTF between the output clock and the reference clock;

the phase synthesizer, connected to a local clock and controlled by the MC, for producing said output clock in the

open loop configuration.

7. The OE-SCS configuration of claim 6 further including an external synchronization mode (ESM) enabling
analog phase locking of the output clock to an external clock which can be provided by a locat reference clock
or an output clock from a backup synthesizer unit, wherein such OE-SCS with ESM comprises:

an analog PLL (APLL-ESM), connected alternatively to the phase synthesizer output clock or ta such external

clock, for producing such phase locked output clock.

8. The OE-SCS configuration of claim 7, wherein the APLL-ESM further comprises:
a reference selector (RFS) for selecting the phase synthesizer output clock or said external clock as sourcing an

APLL-ESM reference clock which the output clock has to be phase locked to.

A heterodyne timing configuration of a software controlled synchronizer (HTC-SCS) using a local clock which
can have very low frequency and a micro-controller (MC) for securing programmable phase frequency transfer
functions (PFTF) between a reference clock and an output clock while enabling very high frequency
multiplication factor which can be programmed to any real number belonging to a continues range from 0 to
tens of thousands, wherein very low phase jitter of the output clock is maintained independent of phase jitter
levels in the reference clock; the HTC-SCS comprising:

a frequency phase detector (FPD) for measuring a digital phase error between the reference clock and the output
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clock;

the MC for reading the digital phase error and for implementing the PFTF by controlling operations of a phase
synthesizer defining analog phase errors produced by an analog phase detector (APD) of an analog phase
locked loop (APLL), wherein such analog phase errors control phase and frequency of the output clock
produced by the APLL;

t1e phase synthesizer, controlled by the MC while connected to the output clock and supplying an input of the APD,
for introducing the analog phase errors programmed by the MC;

an analog phase locked loop (APLL), having one input connected to the output of the phase synthesizer while
another input is connected to the output clock, for generating said output clock;

a digital phase locked loop (DPLL) using the FPD and the MC and the phase synthesizer for controlling operations

of the APLL in order to implement the PFTF between the output clock and the reference clock.

10. The HTC-SCS of claim 9 further including the HPLL of claim 5 in order to multiply a very low frequency of an
inexpensive local oscillator to much higher frequency range needed to synthesize the output clock required;
such configuration comprising:

an additional frequency phase detector (A-FPD) for measuring a digital phase error between the output clock and
the local oscillator clock applied as an additional reference clock;

an additional DPLL subroutine in the MC for implementing another PFTF applicable to the relation between the

output clock and the additional reference clock.

} 1. The HTC-SCS of claim 9 further including an external synchronization mode (ESM) enabling analog phase
locking of the output clock to an external clock which can be provided by a local reference clock or an output
clock from a backup synthesizer unit, wherein such HTC-SCS with ESM comprises:

an additional clock selector (CLK-SEL) inserted between the output clock and said another input of the APLL for
providing alternative selection of the output clock or such external clock for being connected to said another

input of the APLL.

12. The OE-SCS configuration of claim 6 or the HTS-SCS of claim 9 further including the NFED of claim 4 for
time domain phase noise filtering from an external reference waveform in order to produce a filtered reference
waveform used further on as the reference clock, wherein the NFED can enable by one order more accurate
phase detection when the external reference waveform is coming from a noisy serial link such as those utilized
by network time protocols; wherein such synchronizer configuration comprises:

the NFED circuit, controlled by the MC and connected to the MC and to the external reference waveform, for

producing the filtered reference waveform which is further used as the reference clock by the synchronizer.

3. The OE-SCS configuration of claim 6 or the HTS-SCS of claim 9 further including a time stamp decoder
(TSD) circuit for decoding time stamp messages received from a remote serial link in order improve accuracy
of phase/frequency detection by eliminating timing uncertainties caused otherwise by interrupts decoding
software sub-routines; wherein such synchronizer configuration comprises:

the time stamp decoder, connected to a serial link receiver recovering a message signal, for producing time stamp

messages communicated to the MC and for signaling time stamp detections to the FPD;
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network time protocol subroutines residing in the MC for reading the digital phase errors occurring between
message signal transitions and for reading the time stamp messages and for controlling operations of the phase
synthesizer;

wherein such MC subroutines implement said programmed PFTF between the output clock and the reference clock
signal defined with pulses occurring between those message signal transitions which are specified by stamp

messages as signaling arrivals of such stamp messages.

14. A frame phase detector (FPD) for measuring a frame phase skew between a first frame consisting of a
programmable expected number of sampling local clocks, and a second frame defined with a series of time
intervals located between second frame edges defined by changes of an external frame signal or by changes of a
frame status driven with external messages such as time stamps, wherein a frame measurement circuit captures
a number of said sampling periods occurring during an interval of the second frame and a phase processing unit
subtracts the captured number from the expected number representing expected duration of the corresponding
interval of the first frame; wherein-the frame phase detector comprises:

a means for a detection of said second frame edges, by detecting said changes of the external frame signal, or by
detecting said changes of the frame status driven by the external messages:;

the frame measurement circuit using the sampling local clock, which is a higher frequency signal, to measure said
time intervals of the second frame having lower frequency, wherein the frame measurement circuit counts said
sampling periods occurring during every interval of the second frame and captures and buffers the counted
value until it is read by. a phase processing unit;

the phase processing unit for subtracting the expected number of the sampling periods from the counted number of
the sampling periods, in order to calculate an interval phase skew between the expected interval of the first
frame and the corresponding interval of the second frame.

a means for combining said interval phase skews of particular frame intervals into said frame phase skew.

15. A frame phase detector as claimed in claim 14, wherein said second frame begins with a numerical first edge,
representing initial phase of the second frame, defined as a number of sampling delays between an expected
location of such numerical first edge and the first counted sampling clock, wherein the frame measurement
circuit is preset to the numerical first edge before any said counting of the sampling clocks takes place; the
frame phase detector comprising:

a means for presetting the frame measurement circuit to said numerical first edge before said counting of the
sampling periods of the first interval of the second frame takes place;

a means for supplementing.said preset numerical first edge by adding following sampling periods counted until the
second edge of the second frame is encountered, and a means for for capturing and buffering a resulting total
number of sampling periods until it is read by a phase processing unit;

wherein the resulting total number of the sampling periods represents duration of such first interval of the second

frame and is made available for further processing.

16. A frame phase detector as claimed in claim 14 receiving an incoming wave-form carrying the external frame
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signal or carrying the external message; the frame phase detector wherein:
< iid detection of the second frame edges from the incoming wave-form, is performed by a circuit synchronized with

the local sampling clock and producing a known propagation delay.

17. An FPD as claimed in claim 14, wherein the frame phase skew is calculated without any accumulation of
digitization errors of said intervals phase skews while the single intervals phase skews are still available for
intermediate signal processing; the FPD comprising:

a means for rounding said counted number of the sampling periods by adding I such sampling period to the counted
number defining length of said frame interval, wherein 1/2 of the added sampling period approximates a
fraction of the sampling period occurring before said counting of the interval sampling periods and another 1/2
of the added sampling period approximates a fraction of the sampling period occurring after said counting;

whereby such addition of 1 sampling period to every interval measurement, provides all sampling periods occurring
between said counted numbers of sampling periods relating to consecutive intervals of the second frame, and

reduces a digitization error of any long frame to a time sampling error of a single interval.
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FIG.2 Open Ended Configuration of SCCS with External Sync. Mode
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FIG.3 Heterodyne Timing Configuration of SCCS
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F1G.4 Sequential Clocks Generator (SCG) and Output Selection Circuits (OSC)
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FI1G.4A Sequential Clocks Generator (SCG) and Return Selection Circuits (RSC)

fsync/2Dsel
fret
Phase
PLL x 2Dsel Frequency Multiplier Detect.
’ VCO Control Voltage PLL
Filter
VSS VSS VSS ifsync PED
Prog.Fr.Div.
INV(R/2+1) INVR NVR/2 INVO g feynt
Clk(R/2+1) CIkR ClIkR/2 Cik0
\ / PCU_OuUT
i CLK(R:0)
/CIKo CIkR CIK(R-1) Clk2 CITN

| I
E I—c% L¢l>)Q PR3 gQ LcDQ

N 1/ QN QN ﬁn

\
«w__ PRON PR0O  PRRN PRR PRWR(RJ) PR2N PR2 PRIN PRI
jﬂR:O),PR(R:O)N
-~
PRO PRIN PRR PRON PRI PR
CIk0 !cm ! CIkR CIk0 l CIkl ! CIkR
1CIk0  1CIk1 1CIkR ——— 2CIk0  2CIKI 2CIR
i‘lClk(R:O),ZCIk(R:O)
1CIk0  1CIk1 1CIkR 2CIk0  2CIk1 2CIkR vee
1CS0  |1CS1 1CSR 2cS0  |2cs1 2CSR
1sel0 1selt 1selR 2sell 2sel1 2selR
EN EN EN EN EN EN ‘
1inv0  [1inv1 1invR 2inv0  [2inv1 2invR D Q= fret
fsaN (fsync/2Dsel)
se QN'J
FSR(S:0)  25-1=R+1 FSR(S:0) 2%-1=R+1

- 2C1k0.1 - 1CIk0.1
Clk Sel.Reg.1 CSR1(S:0) Clk Sel.Reg.2 CSR1(S:0)
S 0 S
W CSR1(5:0) W CSR2(S:0)
1st Clock Selectors 1CS(R:0) 2nd Clock Selectors 2CS(R:0)
R 0 R 0
@R 1CS0 2CSR 2C80 v

T‘ICS(R:O),ZCS(R:O)



WO 2007/000060 PCT/CA2006/001120
6/13

FI1G.5 Timing Control (TC) and Clocks Equalization (CE)
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F1G.6 Synchronous Sequential Phase Processor (SSPP)
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FIG.7 Timing Diagram of Phase Synthesizer
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FIG.8 Wave Capturing including Edge Regions (WCER)
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FIG.9 Sequential Clocks Generation for the NFED(SCG NFED)

PRO < || PRRN :
D Q D Q-
PRON » PRR )
RQN Fcth
ko CIR
J 1 [
1B 1 @ . | | I
12CHkl 22CIkd 12012 22CIK2
11CkI 21Cik1 11CIK2 21CIK2
PR(R-1 PR(R-Z)N |
®-1) @J_‘ D QHH R Li@—‘—‘ D QFT w D Q
PR(R-1)N PR(R-2) B D
P o T e [T
CIK(R-1 , CIK(R-2 _ ‘
T T
T
- . = 4 q/j *—_E‘ 22CIkd4
12CIk3 22C1K3 \l/ 12CIk4 22CIks y \
1CIKk3 21CIK3 11CIkd 21CIk4 11SEL 21SEL
PR(R-3) PR(R-3)N PR(R4N PR(R-4) PR(R-5) PR(R-5IN PR(R-6N PR(R-6) PR(R-7) PR(R-T)N
§§
CIK(R-3) CIk(R-4) CIK(R-5) CIk(R-6) CIR-7)
| ‘ | 1 |
1CIkS  2CIKS 1CIk6  2CIk6 ICIK?T  2CIKT 1CIk8  2CIk8 1CIK9  2CIK9
PR(R-5) PR(R-5N PR(R-5) PR(R-S)N PR(R-6)N  PR(R-6) PR(R-7) PR(R-T)N
f?e;e"a ‘2“:5 2PES 2PE9
clena 1PES 1PE9
CIk(R-5) 1 CIKR-5) | CIK(R-6) | CIKRT) | ]
tCIk7fre  2CIk7fro  1CIk7ena  2CIk7ena ICIk8ena  2CIk8ena  1CIk9ena  2CIK9ena

FIG.10 Noise Filtering Edge Detectors (NFED)



WO 2007/000060

11/13
PCU/OUT(S:0) ~ PCW/OUT(M:0)
LD/FCRI_\ l LD/REM \ l
Filter Contr. Reg.1 RisingEdge Mask
FCRI(S:0) REM(M:0)
& FCR1(S:0) Jr REM(M:0)

PCU/QUT(T:0)
LD/RET \ l

RisingEdgeThresh.
RET(T:0)

& RET(T:0)

PCU/OUT(M:0)

LD/FEMN&

FallingEdge Mask

PCT/CA2006/001120

PCU/QUT(T:0)

LD/FEW&

FalingEdgeThresh.

FEM(M:0) FET(T:0)
¥ FEM(M:0) ¥ FET(T:0)
PCU/OUT(S:0) PCU/QUT(D:0) PCU/OUT(D:0)
LD/FCR2 LD/RED LD/FED
Filter Control Reg.2 RisingEdgeDispl. FallingEdgeDispl.
FCR2(S:0) RED(D:0) FED(D:0)
1 FCR2(S:0) l RED(D:0) ‘ FED(D:0)

21WB(R:0,M:1)
REM(M:0) l . FEM(M:0)

22WB(R:0,M:1)

REM(M:0) l FEM(M:0)

FCR1(S:0! —y vy FCR1(S:05 sy v
21Dig. Filter Arith.1 22Dig. Filter Arith.1
—3p (21DFAT) ! (22DFAL)
RET(T:0) FET(T:0) RET(T:0) FET(T:0)
P e |
LIDFRI(R) ’ 12DFRI(R) 2IDFAT(R-3:3)
21C|k2_§ W 2IDFAI(R-3:-3) 22C|k2—\ v e
21DigitalFilterReg.1 22DigitalFilterReg.1
21DFRI(C,R:0) 22DFRI(C,R:0)
21DFRI(R) 22DFRI(R)
RED(D:0) FED(D:0) RED(D:0) FED(D:0)
Yy h J
FCRZ(S:O! LA—A—A—} FCR2(S:0£ LA —L A1
21Dig. Filter Arith.2 22Dig. Filter Arith.2
21DFA2(R:0.(Sp,Dp:0)) 22DFA2(R:0,(Sp,Dp:0))
21DFA2(R:0,(Sp,Dp:0 22DFA2(R:0,(Sp.Dp:0
21C|k3_§ L A2( (Sp,Dp:0)) ZZC"L”N I { {Sp.Dp:0))
21DigitalFilterReg.2 22DbigitalFilterReg.2
21DFR2(R:0.(Sp,Dp:0)) 22DFR2(R:0,(Sp,Dp:0))

1IDFR2(Sp,Dp:0)

2IDFR2(R:()

5 — 1
11Dig. Filter Arith.3
11DFA3(R:0)

1Clkd_\|

l 11DFA3(R:0)

11DigitalFilterReg.3
11DFR3(R:0)

11DFR3(R:0)

2IDFR2(Sp,Dp:0)

12DFR2(Sp.Dp:0)

y

22DFR2(Sp,Dp:0)
>

{ZZDFRZ(R:O)

| IR JUSRR |
12Dig. Filter Arith.3
12DFA3(R:0)

12CIk4 N

112DFA3(R:0)

12DigitalFilterReg.3
12DFR3(R:0)

HSEL W
1CIkS \( §
IDigitalFilterReg.
IDFR(R:0)
¥ v
iFrontEdgeEncod. 1EndEdgeEncod.
1FEE(T:0,A,L) 1EEE(T:0,A,L)
lCIk—(;\& 1CHKG §|‘L
1 FrontEdgeBuf. I EndEdgeBuf.
1FEB(T:0,A,L) 1EEB(T:0,A,L)

FIG.11 Wave Form Screening & Capturing (WFSC)



WO 2007/000060 PCT/CA2006/001120

(Continuation fig.11) 12/13
PCU/OUT(R:0) DCR(P:0) DMR(R:0) 11WB(R:0) DCR(P:0) DMR(R:0) 12WB(R:0)
LD/DMR \ § <
0 b= A —t R 60 — A—— R
0 Det. Mask Reg. R 11MaskDet.Arith. 12MaskDet.Arith.
(DMR) (11MDA) (12MDA)
{DMR(R:O) VIIDET V120ET
11SEL
PCU/QUT(P:0) : 12DET. 1 0
T
LD/DCRX 11SEL 11WB(R:0)
D > 2:1 SEL
Det.ControiReg. —
(DCR)
{ DCR(P:0)
3:1 SEL
1PHA/128¢na 1
1Det.DataBuf. 1MaskCou.Buf.
IDDR(R:0) IMCB(7:0)
1CIK3/128 MCB>0 DEC.
101k3/128 T \|\W P
1Det.DataReg. IMaskCou.Reg.
IDDR(R:0) IMCR(7:0,P)
\JPDR(R:0) & IPHA/128ena \ 1MCR<7-.0;VE :LlMCR(P)/
to PCU

( lPHA/IZS.ena&lMCR(P)=I requests the PCU to read the 1DDR(R:0) and IMCR(7:0))
PRRN PR(R-1)

) CIR CIK(R-1)
(Ctkz > wod. 128 Cou. § ZERIEC 15T 7
=P
I % [STR W
Zer. Dec. lPHA/lZ/S . 1CIK2/128  1CIK3/128
na PRR  PR(R-1N
PCU/OUT(7:0) J N CIkR CIk(R-1)
LD/SNRX& ba T 1
7 SampleNr.Reg. 0 2CH2 >
(SNR) QN
¢5NR(7'-°) 2PHA/128ena  2CIK2/128  2CIK3/128
ISNB(7:1)
11WB(R:0)
SNR(7:0) ISNB(N | 12WB(R:0)
ISNB(O)N Eq
1PHA/28ena (ISNC= ISNB)
1CIK2/128
1Sam.Num.Buf. 1Sam.Num.Cou. 1Sam.DataBuf.
ISNB(7:0) ) ISNC(7:1) ISDB(R:0)
& I 1

1013128\

1SNB(7:0)
) 1Sam.DataReg.
1SDR(R:0)

v

\IPHA/IZSena ISDR(R:0) ,

VO
to PCU
{ 1¥PHA/128ena=1 signals to PCU,
that the requested sample is
available to be read)



WO 2007/000060 PCT/CA2006/001120
13/13

F1G.12 Timing Diagrams of the WFSC
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