
;e3e\@T+\=""#t&&*6+TT+!23 May 2002 WO 99I30457. ~ PCTIUS98/25524 *166166*
METHOD AND APPARATUS FOR VARIABLE BIT RATE CLOCK RECOVERY BACKGROUND OF THE
INVENTION *~x* 5 Field of the Invention The present invention relates
generally to recovering timing clock of signals in communication networks,
and more particularly) to methods and apparatuses for recovering timing
clock of variable bit rate signals in communication networks. Background of
the Art 10 High reliability networks, which handle diverse types of traffic
from diverse sources, monitor and manage in the time domain the quality of
digital transmission. Failure to detect and correct transmission
impairments results in unacceptable link error rates and unexpected network
failures. Hence, networks must extract from a stream of transmitted data a
clock signal to perform the necessary measurements and 15 correct for
inevitable transmission degradation. An extracted clock signal is necessary
to perform time domain measurements, such as eye-pattern opening and timing
fitter. The extracted clock signal is also essential for distinguishing the
individual data bits in the transmitted data stream prior to further
processing, such as digital demultiplexing, protocol conversion, packet 20
switching) and measurement of bit error rate (BER). Clock recovery has
traditionally been regarded as a rate specific process, and as a result,
conventional point-to-point transmission systems typically use only one or
two line rates. Emerging network technologies) for example photonic
switching and Wavelength Division Multiplexing (WDM)) however, have enabled
complex optical 25 network topologies, where links transport diverse types
of traffic) such as Internet Protocol (IP), Asynchronous Transfer Mode
(ATM), Fiberchannel) Synchronous Optical Network (SONET), and Gigabit
Ethernet. Hence) these emerging networks must use clock recovery circuits
that are adaptive to the variable rate of the transmitted data. SUBSTITUTE
SHEET ( rule 26 )   23 May 2002 WO 99l30457 PCT/US98/:,5524 A phase locked
loop is one type of tracking filter often used in a clock recovery circuit
for extracting a clock signal from an input data signal. Figure 1
illustrates the primary components of a prior art clock recovery circuit
100) which includes a phase locked loop. The phase locked loop includes a
phase comparator 5 120) a low pass filter 130, a stable voltage controlled
oscillator 150 (VCO), and feedback loop 165. As shown, a transition
detector 110, for example a dual edge triggered oneshot) receives a
non-return to zero (NRZ) input signal 155, and generates a single pulse of
duration tEp for each transition in Input signal 155. The phase locked
loop, 10 whose passband frequency fc is centered on the bit rate frequency
f b" of input signal 155, extracts the clock signal from the stream of
pulses generated by transition detector 110. Phase comparator 120 compares
the phase of the signal at the output of the phase locked Loop with the
stream of pulses) and generates a phase difference signal. Low pass filter
130 filters and amplifies the phase difference signal to 15 generate a
correction signal for adjusting the phase of VCO 150. For a variable bit
rate NRZ input signal) two rate dependent parameters must be properly
adjusted in clock recovery circuit 100 for recovering an associated clock
signal 160. One rate dependent parameter is the width ted of the pulses
generated by transition detector 110. While input signal 155 generally does
not contain energy at 



20 its bit rate frequency f b") the series of pulses generated by
transition detector 110 does contain energy at the bit rate frequency f b".
The amount of energy at the bit rate frequency f b" is maximum when the
width of the generated pulses tEp equals 1I(2f b"). The center frequency of
VCO 150 is the second rate dependent parameter) which must be properly set
to recover clock signal 160 from input signal 155. An 25 active or passive
stabilization signal 170 initially sets the center frequency of VCO 150 to
a value fc in the absence of a signal from phase comparator 120. Feedback
loop 165 causes the center frequency of VCO 150 to shift from the initial
frequency fc to the bit rate frequency f b" of input signal 155. VCO 150
will lock to the bit rate frequency f b" when its center frequency is close
to the bit rate 30 frequency f b". When the center frequency of VCO 150
exactly equals the bit rate frequency f b", VCO 150 will phase lock to
transitions in input signal 155.  SUBSTIT~'TE SHEET ( rule ?6 )   23 May
2002 WO 99/30457 PCT/US98125524 In addition to a phase locked loop, clock
recovery circuits may also include a frequency locked loop for tuning the
center frequency fc of VCO 150 to the bit rate frequency f b". Figure 2
illustrates the basic components of a clock recovery circuit 200) which
includes a transition detector 2I0, phase comparator 220, frequency
comparator 260, low pass filter 230, and VCO 250. Frequency comparator 220
compares the stream of pulses generated by transition detector 210 with the
output of VCO 250) and generates a locking signal that reflects the
difference between the center frequency of VCO 250 and the bit rate
frequency f b". An adder '_'70 combines the locking signal with the output
of phase comparator 220. Feedback loop 265 10 causes the center frequency
of VCO 250 to shift from its initial value of fc to the bit rate frequency
f b", causing the locking signal to transition to zero. At this point,
phase comparator 120 continues to control the center frequency and phase of
VCO 250. The stream of pulses generated by transition detector 210 also
contains at 15 multiples of the bit rate frequency f b" energy, whose
relative amplitude increases as SEp decreases. As a result) regular
patterns in block coded input signals may produce both harmonics and
sub-harmonics of the bit rate frequency f b". Accordingly) existing clock
recovery circuits track the harmonics or sub-harmonics of the input data
signal when the center frequency of VCO 250 is inappropriately set to a
multiple of 20 the bit rate frequency f b". Consequently, false locking may
occur when a clock recovery circuit searches for the bit rate frequency f
b" by sweeping the center frequency of VCO 250 across the harmonics. In
addition, recurrent patterns in common block coded input data signals also
increase the susceptibility of a clock recovery circuit to sub-harmonic
locking. 25 Although various techniques are known for sweeping the center
frequency of VCO 250 to determine the bit rate frequency f b") these
techniques are too slow and/or lack sufficient accuracy for variable bit
rate applications. One example of variable bit rate applications is
Wavelength Division Multiplexing (WDM), where an input data signal can have
a wide range of bit rates. In addition, the existing techniques cause a 30
clock recovery circuit to readily lock to harmonics and sub-harmonics of
the bit rate frequency fit. -3 SUBSTITUTE SHEET ( rule 2b )   23 May 2002
Thus, it is desirable to have methods and apparatuses that do not have the
above-mentioned and other disadvantages of the prior art clock recovery
circuits for recovering a clock signal from a variable bit rate input data
signal. DESCRIPTION OF THE INVENTION 



According to a first aspect of this invention, a method is provided for
recovering a clock signal from an input signal having a variable bit rate,
said method comprising the steps of: estimating a minimum time interval
between transitions in the input signal; determining a center frequency of
a narrow-band filter based on the estimated minimum time interval; and
extracting, at the determined center frequency, the clock signal from the
input signal. According to another aspect of this invention, an apparatus
is provided for recovering a clock signal from an input signal having a
variable bit rate, said apparatus comprising: a rate detector for
estimating a minimum time interval between transitions in the input signal;
a transition detector for generating a first plurality of pulses
corresponding respectively to transitions in the input signal; a
narrow-band filter for extracting the clock signal from an adjusted first
plurality of pulses; and a rate selector for adjusting, based on the
estimated minimum time interval, duration of each of the first plurality of
pulses and a center frequency of the narrow-band filter that receives the
adjusted first plurality of pulses. For example, a clock recovery circuit
consistent with the present invention extracts the clock signal from the
variable bit rate data signal by estimating a minimum time interval between
transitions in the data signal. The clock recovery circuit generates a
plurality of pulses that correspond to transitions in the data signal, and
adjusts the duration of each of the pulses based on the estimated minimum
time interval. The clock recovery circuit inputs into a narrow band filter
the adjusted pulses, determines a center frequency of the narrow band
filter based on the estimated minimum time interval, and extracts in the
narrow-band filter the clock signal from the adjusted pulses. Methods and
apparatuses consistent with the invention estimate the bit rate of a data
signal independently of a primary phase locked loop and frequency locked
loop. Such methods and apparatuses directly estimate the minimum time
interval between transitions in the data signal, and thus, eliminate the
problems of harmonic and sub-harmonic locking that the prior art clock
recovery circuits exhibit in variable bit rate applications. 4   23 May
2002 The description of the invention and the following description for
carrying out the best mode of the invention should not restrict the scope
of the claimed invention. Both provide examples and explanations to enable
others to practice the invention. The accompanying drawings, which form
part of the description for carrying out the best mode of the invention,
show several embodiments of the invention, and together with the
description, explain the principles of the invention. 4a   23 May 2002 WO
99I30457 BRIEF DESCRIPTION OF THE DRAWINGS In the Figures: PCT/US98/25524
Figure 1 is a block diagram of a prior art clock recovery circuit) which
includes a phase locked loop; 5 Figure 2 is a block diagram of a prior art
clock recovery circuit, which includes a frequency locked loop and a phase
locked loop; Figure 3 is a block diagram of a variable bit rate clock
recovery circuit, in accordance with an embodiment of the invention: Figure
4 is a block diagram of a variable bit rate clock memory circuit, 10 which
includes a calibration means) in accordance with an embodiment of the
invention; Fig. 5 is a circuit diagram of a forward rate detector, which
performs discrete interval pulse-width auto-correlation, in accordance with
an embodiment of the invention; 15 Figures 6a, 6b) 6c, 6d) and 6e
illustrate timing diagrams of an input signal as it propagates through a
set of delay segments, in accordance with an embodiment of the invention:
Figure 7 is a circuit diagram of a delay segment, in accordance with an
embodiment of the invention; 



20 Figure 8 is a block diagram of a forward rate detector) which performs
continuous pulse-width auto-correlation, in accordance with an embodiment
of the invention; Figures 9a, 9b, 9c) and 9d illustrate the timing diagrams
of an input signal, output of a time interval generator) and output of an
edge transition 25 comparator) in accordance with an embodiment of the
invention; Figure 10 is a circuit diagram of a minimum interval correlator,
in accordance with an embodiment of the invention: Figure 11 illustrates an
emitter coupled logic (ECL) implementation of a unipolar minimum interval
correlator, in accordance with an embodiment of the 30 invention: -5
SUBSTIT~'TE SHEET ( ruie ? 6 )   23 May 2002 WO 99I30457 PCT/US98I25524
Figures i 2a. 12b) 12c, and 12d illustrate an analog implementation of a
feedback circuit and associated signals in a forward rate detector, in
accordance with an embodiment of the invention; Figures 13a) 13b) 13c. 13d)
and 13e illustrate a digital implementation 5 of a feedback circuit and
associated signals in a forward rate detector, in accordance with an
embodiment of the invention; and Figures 14a and 14b are block diagrams of
implementations of a race selector, in accordance with two embodiments of
the invention. BEST MODE FOR CARRYING OUT THE INVENTION 10 Reference will
now be made in detail to the preferred embodiments of the invention,
examples of which are illustrated in the accompanying drawings. Wherever
possible) the same reference numbers will be used throughout the drawings
to refer to the same or like parts. VARIABLE BIT RATE CLOCK RECOVERY 15
Figure 3 is a block diagram of a variable bit rate clock recovery circuit
300, in accordance with an embodiment of the invention. Clock recovery
circuit 300 comprises forward rate detector 30I ) rate selector 310,
transition detector 320, and narrow band filter 330. Clock recovery circuit
300 includes a programmable clock extraction path and a rate selection
path. The clock extraction path includes transition 20 detector 320 and
narrow band filter 330. The rate selection path includes forward rate
detector 301 and rate selector 3I0. Transition detector 320 and forward
rate detector 301 receive a variable bit 



rate input data signal 155. From input signal 155) transition detector 320
generates a pulse in response to each transition in input signal 155.
Likewise) forward rate 25 detector 301 estimates the minimum time interval
between transitions in input signal 155, and generates a rate estimate
signal RE. Rate selector 310 then converts the rate estimate signal RE into
control signals RS, and RSV) which set the width TEp of the pulses
generated by transition detector 320 and the center frequency fc of narrow
band filter 3 30, respectively. Rate selector 3 I 0 may set TED and fc to)
for example, l /(2 f b") -6 SUBSTITUTE SHEET ( rule ?6 )   23 May 2002 WO
99l30457 PCT/US98/25524 and fb") respectively. When rate selector 310 sets
the appropnate TED and fc narrow band filter 330 extracts clock signal 160
from the scream of pulses. Rate estimate signal RE may be represented as
follows: = f brt ~ Kftd(f bit), (1) 5 where f b" is the bit rate frequency
of input signal 155 and Kfrd is either a constant or a slowly varying
function of f b". The pulse width TED from the transition detector 320 may
be represented as follows: = x~(RSI ), tED where KEp is a monotonic
function of control signal RS,. The center frequency fc of the narrow band
filter 330 may be represented as follows: (z) 10 fc = Kfe(~:~ (3) where Kfc
is a monotonic function of control signal RS=. In one embodiment, rate
selector 310 may perform a one-to-one mapping of rate estimate signal RE to
predetermined values of zEp and fc as follows: RS, = G, (RE)) (4) 1 S where
G, is a monotonic function of rate estimate signal RE and satisfies the
relation: Ktc,fb,t= Gf (fbit ~ Ktrd (fbu) ), ~d RSV = G: (RE)) (6) where G=
is a monotonic function of rate estimate signal RE and satisfies the
following relation:  SUBSTITUTE SHEET ( ruie 3b )   23 May 2002 WO 99/30457
PCT/US98/'=5524 KED' (~~bn) = G= (fbit ~ ~~frd (fbrt) ~ (7) In one
embodiment, KED and Kfc may have an approximately linear dependence 



on race estimate signal RE, whereas Kftd may be nearly constant. In this
embodiment. the solutions to equations (5) and (7) may be represented as
follows: 5 G, (RE) = g" + g,2 RE + e, (RE), (8) G= (RE) = g~, + g.2 RE + E~
(RE)) (9) where g", g,2) gz,) and g~ are parameters, which may depend on
temperature or the interval of rate estimate signal RE. Similarly) the
functions e, (RE) and t;, (RE) may be slowly varying functions of rate
estimate signal RE and temperature. The 10 parameters g") g,z) g2,, g~,,
E,) and e= may be selected to satisfy) for example, equations (5) and (7).
Alternatively) e, and E, may be set to zero. Figure 4 is a block diagram of
variable bit rate clock recovery circuit 400) which includes a calibration
means) in accordance with an embodiment of the invention. Clock recovery
circuit 400 comprises forward rate detector 301, rate 15 selector 410,
transition detector 320) and narrow band filter 330) selector 420,
programmable calibration source 430) and response monitor 450. Calibration
source 430 generates, for example) a "i010" signal pattern with
predetermined bit rates fret for example, ( l/m) x 2488 MHz, where m is a
programmable integer between 1 and 32, inclusive. Response monitor 450
generates a first control signal at output 454, 20 which controls the
particular value of frequency f ref from calibration source 430. Selector
420, which is controlled by calibration enable line 421, receives input
signal 155 and calibration source 430 at input ports 422 and 424,
respectively. Rate selector 410 accepts rate estimate RE from forward rate
detector 301 and outputs control signal RS, for controlling transition
detector 320 and control signal RS, for 25 controlling narrow band filter
330. Calibrate enable line 421 activates the calibrate mode, at which time
selector 420 connects calibration source 430 to forward rate detector 301,
while outputs 416 and 418 of rate selector 410 are locked at their current
values. This inhibits incidental changes in the clock extraction path,
which includes _g_ SUBSTITUTE SHEET ( rule ?6 )   23 May 2002 WO 99I30457
PCT/US98125524 transition detector 320 and narrow band filter 330. Response
monitor 450 receives at input 452 a rate estimate signal RE from output 303
of forward race detector 30l . In auto-calibrate mode, response monitor 450
compares rate estimate signal RE with each predetermined bit rate f ,.
Response 5 monitor 450 generates, at output 456, a second control signal
RM, which corresponds to the difference between rate estimate signal RE and
a predetermined bit rate f ,~f. Rate selector 410 receives control signal
RM at parameter update input 41?, and based on control signal RM, adjusts,
for example, its rate selection algorithm or entries in a look-up table for
setting control signals RS, and RSV. For example, rate selector 410 10 may
use parameters g") g,z) g2,, gu and/or functions e, and e2 to adjust
mappings of 



G, and G, in equations (8) and (9). DISCRETE FORWARD RATE DETECTOR The time
interval between transitions in input signal 155 may be represented as ~r =
n Tb" where n is an integer greater than or equal to 1 and ib" is the bit
period of 15 input signal 155. In other words, ib" is equal to the
multiplicative inverse of bit rate frequency f b" of input signal 155.
Forward rate detector 301 may estimate the bit rate in input signal 155
from a plurality of consecutive transitions in input signal 155) which
would represent a set { n ) of values for run length n. From this set of
transitions) forward rate detector 301 may determine the minimum detected
interval 20 between transitions im,~) which may be represented as follows:
t~~ = mln ~l . {Il} Furthermore, tm,~ may represent an unbiased estimate of
the bit rate 2b" as follows: lim t~~ = Tp". P(n r 1 )~0 Digital signals
such as input signal l55 may have random bit patterns or may _g_ SUBSTITUTE
SHEET ( rule ?6 )   23 May 2002 WO 99I30457 !'CT/US98/25524 have prescribed
bit patterns constrained by block coding. For a random sequence of bits,
the discrete probability density for run length n is P(n) _ ?'". The run
length distribution for signals, which are encoded using block coding, may
also be approximately 2'" for small values of n, for example n < ~. This
indicates that single 5 bit intervals with n = 1 occur quite often with
these types of digital signals, for example about 50%a of the time. Based
on the high incidence of single bit intervals in input signal 155, forward
rate detector 301 may rapidly and reliably estimate f b" from measurements
of ~rm,o. In addition, the preamble of a packet represented by Input signal
155 may include a " 1010" pattern, allowing nearly instantaneous detection
of 10 the rate of input signal 155. Figure 5 shows a circuit diagram of
forward rate detector 301, which performs discrete interval pulse-width
auto-coaelation) in accordance with an embodiment of the invention. As
shown, forward rate detector 301 comprises N gated delay segments S,
through SN, rising-edge-triggered D-type flip-flops 530, through 530 N) R-S
latches 15 550, through 550N) buffers 560 and 570) counter 540, and an
N-line priority encoder 590, where N is an integer greater than one. Delay
segments S,-SN connect to each other in serial fashion, where each delay
segment S,-SN successively delays by time i, the falling edge initiated by
input signal 155, where 1 <_ i SN. Depending upon the embodiment, the
particular values of t, may 20 differ between delay segments S,-SN. As
shown in Figure 5) delay segments S,-S3 include resettable falling edge
triggered delay elements 510,-5103 and OR/NOR gates 520,-5200 respectively.
Outputs of each edge triggered delay elements 510,-510 connect to a
respective first input 524,-524 of OR/NOR gates 520,-5203. The last delay
segment SN) however, includes delay element 514N and an inverter 580
instead 25 of an OR/NOR gate. 



Buffer 560) which receives Input signal 155) drives delay segment S,. Delay
segment S, includes delay element 510, ) whose output 514, is sensed by a
first input to OR/NOR gate 520,, which includes complementary output 526,
and output 528,. Output 528, of OR/NOR gate 520, drives the next delay
segment S,. Accordingly) the 30 falling edge transition of input signal 155
passes consecutively through each of delay segments S,-SN. For example,
delay element 510, delays output 528, of delay -10 SUBSTITUTE SHEET ( rule
26 )   23 May 2002 WO 99I30457 PCT/US98I25524 segment S, by time r,, and
delay elements 5I0, and 5I0 delay output 528, of delay segment S= by time
r, + r~. Hence, the total delay through ~ delay segments may be k
represented as ~ t~ . As the input transition propagates through delay
segments S,-SN) consecuave 5 outputs 528,-5283 may transition from a high
state to a low state, while the corresponding complementary outputs
526,-5263 and 584 may transition from a tow state to a high state. Each
falling edge transition in input signal 155 initiates a series of pulses)
which are then compared to the arrival of a subsequent rising transition in
input signal 155. D-type flip-flops 530,-530N perform the comparison by
latching the 10 state of delayed outputs 526,-526N and 584 upon the
subsequent rising transition in input signal 155. R-S latches 550,-550N
receive and store the state of D-type flip-flop outputs 536,-536N via "SET"
inputs 552,-552N, respectively. Outputs 556,-556N of R-S latches 550,-550N
connect to inputs 595,-595N of N-line priority encoder S90, which 15
generates at output 598 the binary equivalent of the number of active
outputs 536,536N. Clock input 542 of counter 540 connects to input signal
155. Counter 540 generates at output 544 a pulse) which resets R-S latches
550,-550N after a preset number of transitions) for example 32, in input
signal 155. 20 High speed operation is achieved by partitioning the net
time delays into small intervals r,-rN) and simultaneously resetting each
delay element 510=-510,v via common control Line 574 of buffer 570. Buffer
570 delays the simultaneous reset signal) such that the minimum hold-time
requirement of D-type flip-flops 530,-530N is satisfied. 25 Operation of
forward rate detector 301 may be initiated on the rising edge transitions
in input signal 155 as well as the falling edge transitions in input signal
155. Forward rate detector 301 may) for example) include a duplicate
circuit, which is driven by an inverted replica of input signal 155, for
sensing the length of each pulse in input signal 155 following a rising
transition in input signal i55. 30 Figures 6a-a illustrate timing diagrams
of input signal 155 as it propagates through delay segments S,-SN, in
accordance with an embodiment of the invention. SUBSTITUTE SHEET ( rule 26
)  



23 May 2002 WO 99/30457 PCT/US98125524 Figures 6a-c show a falling edge
transition in input signal 155 as it propagates through delay segments
S,-SN. At the end of a pulse in input signal 155) the delayed edge may pass
through a portion or all of delay segments S,-Sv. Because a pulse with the
shortest duration in input signal 155 would pass through the fewest number
of delay 5 segments Sl-SN) output 528 of the k`" delay segment Sk is at a
high state when the sum k of delay times z, satisfies the constraint nrb" <
~ t~ , where tb" equals the ,.i multiplicative inverse of the bit rate
frequency fb" of input signal 155. As shown in Figures 6b-e, outputs 528,
and 528 of delay segments S, and S~) respectively) are activated within the
nib" period of input signal 155, whereas outputs 10 5283 and 584 of delay
segments S3 and SN are not activated within that time period. The waveforms
indicated by the dashed lines in Figures 6d-a show the state of outputs
5283 and 584, respectively, for an input pulse of longer duration. After a
small number of transitions input signal 155, depending on the run length
distribution P(n)) a pulse with n = 1 appears in the input signal 155,
after which time the state of outputs 15 556,-556N represents an upper and
lower bound on Te". The state of outputs 556,-556N tracks increasing and
decreasing values of tb" when the pulses from counter 540, for example,
occasionally reset R-S latches 550,-550N. Priority encoder 590 derives at
output 598 a binary representation of ib" from the state of outputs
556,-556N. This binary representation of Tb" is rate estimate signal RE,
which is uniquely determined 20 by tb" and the particular values of z,-zN.
The resolution of the estimate of tb" may be improved by performing
multiple scans with different combinations of values for T, =N' Table I
lists several common line rates in input signal 155 and the segmental
delays s,, which may be used to distinguish between the line rates. The
first two 25 columns list some common line rates fb" and the corresponding
bit interval tb" for input signal 155) respectively. The third column lists
the net delays for distinguishing between consecutive rates, which is the
average of td" for two consecutive rates. k Since the net delay through k
delay segments may be represented as ~ i~ , the =i segmental delays z,
represent the differences between the net delays listed in the third 30
column. The segmental delays, which are listed in the fourth column and may
be readily achieved) demonstrate the feasibility of discrete rate detector
301 for operating -I2 SUBSTITUTE SHEET ( rule ?6 )   wo 9s~3oas~ over a
wide range of line rates. TABLE 1 



5 10 15 23 May 2002 PCTNS98/25524 Line Rate fb" (MHz)Period tb" (nsec)Net
DelaySegmental Delay T. 1 nsec
12488.320.402------12500.8000.b01---10650.9390.8700.2698001.2501.0950.Z2562
2.081.6081.4290.334531I.8331.7460.3172653.7442.8291.0831945.1444.4591.b3015
5.52b.4305.7871.328I32.57.5476.9891.2021258.0007.7740.78551.8419.2913.6455.
871 DELAY SEGMENT Figure 7 is a circuit diagram of delay segment S~ (shown
in Figure 5), in accordance with an embodiment of the invention. Although
Figure 7 shows a circuu 20 diagram of delay segment S~, generalization to
delay segments Sl and Sj-S~, is readily apparent. High speed performance
may be optimized by merging the threshold function found in a traditional
implementation of delay circuit 510 with OR/NOR gate 520, using a gated
differential amplifier. Input 512 of delay segment S= drives the base of
transistor Q~Q2, which serves as a voltage follower. The emitter of Q~a~
and 25 a programmable current source 1,08 connect to capacitor C,~, at
output 514, through resistor R. Current from the emitter of Q~o~ rapidly
charges C7~ to a preset value while the current from hoe discharges C,~, at
a controlled race. The voltage at output 514: is sensed by a gated
differential amplifier, which includes Q~~o artd Q~~~. The -I3 SUBSTITUTE
SHEET ( rule ? 6 )   23 May 2002 WO 99/30457 PCT/US98/25514 bases of Q,ZO
and Q,~~ connect to output 514 and to a reference voltage V"~)
respectively. The emitters of transistors Q,ZO and Q,Z: connect via node
730 to a fixed current source I,~o. The base of a gating transistor Q,ZS
connects to common control line Q74 via 5 second input 5'_'". The collector
and emitter of Q,Z, connect to output 526: and node 730, respectively. The
amplifier has inverting and non-inverting outputs at outputs 526; and 528,,
respectively. Output 528 which connects to the collector of Q,ZZ) is
obtained from the voltage drop across R,Ze. Output 526=) which connects to
the collectors of Q,ZO and Q,Z4) is obtained from the voltage drop across
R,26. The value of 10 reference V"~ may be altered by positive feedback via
control node 742) which connects to output 526: to provide threshold level
hysterests. A voltage greater than that set by reference V,yo at either
output 514Z or common control line 574 forces output 526Z to a low state
and output 528= to a high state. In the last delay segment SN) the gating
transistor corresponding to Q,Z4 may be omitted. 15 In the initial
quiescent state) input 5I22 and common control line 574 may be at a high
state, and output 526Z may be at a low state. In this state, the high
signal on input 512Z controls Q,oZ to preset the voltage across capacitor
C,~,. A high signal at common control line 574 activates Q,Z, and forces
output 528Z to drive the next delay segment S3 to a high state even before
the voltage on C,~ reaches the preset value. 20 When input signal 155
transitions from a high state to a low state) common control line 574 goes
low and turns Q,Z, off. The initial state is held by the preset voltage
across C,~, which controls Q,ZO. Depending on the time constant of the
preceding delay segment S, and the duration of the low state, the voltage
at input 512Z may transition to a low state at some time after input signal
155 transitions from a high 25 state to a low state. This turns Q,oZ off
and allows C,~, to be discharged by current from l,oa. If the duration of
the low state is still sufficient, the voltage at output 514= drops below
the reference voltage set by V"o and causes output 526= to transition to a
high state and the output 538, to transition to a low state. The low state
at output 528= activates the delay element 510 in subsequent delay segment
S~. 30 The response time following detection of a threshold may be improved
by a positive feedback from output 5?6, to slightly vary V,~o. The time
delay t, associated -14 SUBSTITUTE SHEET ( ruie ZG ) 



23 May 2002 WO 99I30457 PCTNS98125524 wtth delay segment S, is governed by
the charge conservation at output ~ 14,. The value of time delay r, may be
detertruned by the difference between the preset voltage across C,~,
VPR~E,.) the value t ~ o of reference voltage V,,~ when control 74? is at a
low state, differential amplifier offset voltage Vos at the switching
threshold) the value of capacitor C" stray capacitance CS associated with
output 5140 current I,oe) base current I6 of Q,ZO) and the charge Q:(l,og)
stored in the emitter of Q,o:. This relationship may be represented as
follows: (Iroa -~" Ib ) ti = ( VP~ser - V~ao ' Vos) ( C~oa + Cs ) -
Q~(j~oa) ( 10) The resolution of the discrete rate detector depends on the
selection of time delays i, 10 sN, which may be programmed) for example)
through the value of current loa for each corresponding delay segment
S,-SN. CONTINUOUS FORWARD RATE DETECTOR Figure 8 is a block diagram of
forward rate detector 301, which performs continuous pulse-width
auto-correlation, in accordance with an embodiment of the 15 invention. As
shown, forward rate detector 301 comprises minimum interval correlator 840)
feedback circuit 830, and output 303. Output 303, whose value is rate
estimate signal RE) receives output 836 of feedback circuit 830. Minimum
interval correlator 840 includes a tunable (or programmable) edge triggered
time interval generator 810 and an edge transition comparator 820. 20 Time
interval generator 810 receives at inputs 812 and 816 input signal 155 and
output 836 of feedback circuit 830) respectively. In response to a
transition in input signal 155) time interval generator 810 generates at
output 814 a corresponding transition delayed by time t) which ~s
controlled by rate estimate signal RE. Alternatively) in response to a
transition in input signal 155) time interval 25 generator 810 may generate
at output 814 a corresponding set of transitions delayed by a set of times
t) which may have different values and are controlled by rate estimate
signal RE. -15 SUBSTITL TE SHEET ( rule ? 6 )   23 May 2002 WO 99I30457
PCT/US98/25524 The value of z is related to rate estimate signal RE through
a known 



relationship z = t(RE~. Time interval generator 810 may, for example, be
irnplemented such that the product of rate estimate signal RE and t(RE) is
nearly constant to a first order. 5 Edge transition comparator 820 receives
at inputs 8?2 and 824 input signal 155 and output 814 of interval
ge>aerator 810, respectively. Output 826 of edge transition comparator 820
generates a signal) which is monotonically related to the difference
between z and Tb". Edge transition comparator 820 generates at output 826 a
positive pulse when a subsequent transition in input signal 155 occurs
before z time 10 has elapsed. Output 826 is received by input 832 of
feedback circuit 830, which outputs rate estimate signal RE at output 836
to adjust z) such that a prescribed rate of pulses are generated at output
826. The time constants within the feedback circuit 830 may be controlled
via input 834 by the rate of transitions in input signal 15S. The
prescribed rate of pulses from output 826 may have a constant duty cycle.
15 Alternatively) the prescribed rate may depend on the rate of transitions
in input signal 155. In one embodiment) the relationship between the rate
estimate signal RE and lh may) for example, be linear. Output 836 of
feedback circuit 830 controls T via negative feedback to input 816 of
interval generator 810. The negative feedback sets 20 rate estimate signal
RE such that TIRE) equals tb". Hence, bit rate frequency fb" of input
signal 155 may be determined based on rate estimate signal RE since bit
rate frequency fb" is nearly proportional to rate estimate signal RE. In
addition) to reduce noise in rate estimate signal RE, forward rate detector
301 may also include, for example, an analog or digital means in feedback
circuit 830 or rate selector 310 for 25 filtering noise in rate estimate
signal RE. In accordance with another embodiment of the invention, forward
rate detector 301 may estimate tb" using a pulse width auto-correlation
method. Figures 9a-d illustrate the timing diagrams of input signal 155,
output 814 of time interval generator 810, output 826 of edge transition
comparator 820, in accordance with this 30 embodiment. Figure 9e
illustrates the distribution of values at output 826 for different values
of t and an arbitrary fixed value of rb". -16 SUBSTITL;~TE SHEET ( rule 2b
)   23 May 2002 W O 99/30457 PCTIUS98!'r5524 Figure 9a shows input signal
155 with a transition occumng at time nt = 0 and a subsequent transition at
of = zb". The transition at of = 0 triggers time interval generator 810,
whose output pulse is delayed by i. Three values of i are Indicated by fast
F, slow S) and aligned A. 5 Figures 9b and 9c illustrate state of output
814 of time interval generator 8l0 for two different embodiments. Figure 9d
illustrates state of output 826 of edge transition comparator 820 for the
two embodiments. 



In the first embodiment, time interval generator 810 includes one or more
resettable edge triggered delay elements, for example delay elements
510,-510N shown 10 in Figure 5 . As shown in Figure 9b, in this embodiment)
time interval generator 8l0 generates at output 814 a pulse, which starts
after z time has elapsed and is reset by the next transition in input
signal 155. In the second embodiment, ume interval generator includes an
edge triggered one-shot) which is described below in detail. As shown in
Figure 9c, in this 15 embodiment) time interval generator 810 generates at
output 814 a single pulse starting at time of = 0) which has duration r. In
both embodiments, if time T is set shorter than ib", as indicated by F, the
next transition in input signal 155 occurs at nt = tb" after T time has
elapsed, and output 826 is set to a low state. If time z is set to a longer
duration than tb", as 20 Indicated by S, a subsequent transition in input
signal 155 at et = tb" occurs before 't time has elapsed, and output 826 is
set to a high state. There Is perfect alignment between the pulse generated
at output 814 of time interval generator 810 and input signal 155 when z =
Tb,~, as indicated by A, and a transition in input signal 155 that occurs
at zb" overlaps with z. Output 826 may be in 25 a high or a low state when
there is perfect alignment. Transitions in input signal 155 that occur long
after time i may be ignored since they may represent a run of bits with of
= nib" and n z 2. Figure 9e illustrates the distribution of values assumed
by output 826 for different values of i and a given value of ~cb". This
distribution represents the transfer 30 function of minium interval
correlator 840, which includes time interval generator 810 -17 SUBSTITL.'TE
SHEET ( rule ?6 )   23 May 2002 WO 99/30457 PCT/US98/25524 and edge
transition detector 820. Based on statistical interpretation of relative
frequency, the graph in Figure 9e also illustrates the mean value at output
826 that would be observed after many instances of transitions of input
signal 155. The graph in Figure 9e has a steep slope at z = zb") which
distinguishes between conditions F and 5 S. The shape of the transition
between F and S may be determined by) for example, the distribution P(n) of
run lengths n. Edge transition comparator 820 compares the interval between
the traihna edge of input signal 155 and output 814 of time interval
generator 810, and via 



feedback circuit 830, adjusts z to the value ~b" = l/fb". After the
settling time of 10 feedback circuit 830, the adjusted s represents an
estimate of ib". Hence, in this embodiment) harmonic locking does not occur
because the estimated tb" is uniquely related to fb". MINIMUM TNTERVAL
CORRELATOR Figure 10 shows a circuit diagram of nunimum interval correlator
840 (shown 15 in Figure 8), in accordance with an embodiment of the
invention. In this embodiment, the response to falling edge transitions and
rising edge transitions in input signal 155 are effectuated through two
separate paths. Minimum interval correlator 840 is partitioned into a
falling edge triggered minimum interval cotrelator 1090 and a rising edge
triggered minimum interval correlator 1092. Minimum interval correlators
1090 20 and 1092 each perform the functions of time interval generator 810
and transition comparator 820 shown in Figure 8. Minimum interval
correlators 1090 and 1092 include outputs 826, and 826a which collectively
fotzn output 826 of minimum interval correlator 840. Although minimum
interval correlators 1090 and 1092 include separate outputs 826, and 826z)
25 their respective inputs 302, and 302, connect to input signal 155.
Minimum interval correlator 1090 includes non-inverting buffer 1010,
capacitor C,o,e) programmable current source 1,0,6) comparator 1030)
voltage reference V,o~e) non-inverting buffer 1050, and posinve edge
triggered D-type flip-flop l070. Minimum interval correlator 1092 includes
inverting buffer 1020, capacitor C,ox~) 30 programmable cutTent source
l,o~b, comparator 1040) voltage reference V,~,e, inverting -18 SUBSTITUTE
SHEET ( rule 2b )   23 May 2002 WO 99I30457 PCTNS98l25524 buffer 1060, and
positive-edge triggered D-type flip-flop 1080. Input 302) which includes
nodes 302, and 302;, receives input signal 155. Node 302, connects to
non-inverting inputs 1012 and 105? of buffers 1010 and 1050) respectively)
in minimum interval correlator 1090. Output l014 of buffer 1010 5 connects
via node 1003 to capacitor C,0,8) programmable current source 1,0,b) and
input 1032 of comparator 1030. Reference input 1034 of comparator 1030
connects to voltage reference V,OSB. Output 1036 of comparator 1030
connects to D input 1072 of D-type flip-flop 1070) whose clock input 1074
is driven by output 1054 of buffer 1050. 10 Node 302 connects to inverting
inputs 1022 and l062 of buffers 1020 and 1060, respectively, in minimum
interval cotrelator 1092. Output 1024 of buffer 1020 connects via node 1004
to capacitor C,OZe) programmable current source l,oze and input 1042 of
comparator 1040. Reference input 1044 of comparator 1040 connects to
voltage reference V,04a. Output 1046 of comparator 1040 connects to D input
1082 



15 of D-type flip-flop 1080) whose clock input 1084 is driven by output
1064 of buffer 1060. Outputs 1076 and l086 of D-type flip-flops 1070 and
1080 form output 826, and 826z) respectively. Programming inputs 1017 and
1027 control via input 816 current sources 1,0,6 and l,oz6. respectively.
The operations of minimum interval cotrelators 1090 and 1092 are similar 20
except that all processing is active on opposite transitions in input
signal 155. The operation of minimum interval correlator 1090 is as
follows: Output port 1014 assumes a low impedance state with a preset
output level of VPR~ET when input I012 is at a high state, and assumes a
high impedance state when input l012 is at a low state. For example,
VPR~E.r. may be more positive than reference voltage V,038. f1 high 25
state in input signal 155 causes buffer 1010 to charge capacitor C,0,8 to
VpR~~. When the input signal 155 undergoes a transition from a high to a
low state, current flow from output 1014 of buffer 1010 is inhibited, and
capacitor C,0,8 is freely discharged by programmable current from 1,0,b. If
the duration of the low state in input signal 155 is sufficiently long, the
voltage at node l003 drops below the level 30 set by V,03g) and output 1036
of comparator 1030 transitions to a low state. D-type flip-flop 1070
captures via the rising edge transition at the output 1054 of buffer 1050
-19 SUBSTITUTE SHEET ( rule 26 )   23 May 2002 WO 99I30457 PCTNS98/25524
the state of output 1Q36 at time Dr = ntb") when input signal 155 undergoes
a subsequent low to high transition. The time required for capacitor C,o,g
to discharge from VP~~ to V,~,a is t(l,o,b). Output 826, may be at a low
state if ~r > t(l,o,b)) and may be at a high state if 5 Or < tll,o,b).
Output 826, may always be low when t < tb". If t > Tb", there may be smail
values of run-length n for which output 826, may be at a high state. Output
826, may, however, be at a low state for large n. Figure 9e shows the
distribution of values of output 826, averaged over typical values of
run-length n. The time constant t(l,o,b) may be represented as follows: 10
( I toga + Ib ) t = ( VPtteser - Vio~a - Vos )(Cio~a + Cs ) - Qo_ioia(I
io~e) ( 1 I ) where Vos is the offset voltage at a threshold of comparator
1030, CS is the stray capacitance associated with node 1003) Ib is the
input bias current of comparator 1030) ~d Qo_~oi~(1 ~o~b) is the charge
removed by output 1014 when buffer 1010 is turned off. Similar operation
occurs in minimum interval correlator 1092 for rising edge 



15 transitions in input signal 155. Outputs 826, and 826, indicate whether
t is greater or less than tb". In accordance with one embodiment) outputs
826, and 826 may be used to control t through 1,o,6 and I,oze using
negative feedback. Rate estimate signal RE may be determined from the value
of control signal 816 necessary to achieve t = ib". Minimum interval
correlator 1090 of Figure 10 constitutes one embodiment of 20 a unipolar
minimum interval correlator) which is active on the falling edge of input
signal 155. Unipolar minimum interval correlator 1090 may include a
programmable gated delay) which includes buffer I010, capacitor C,o,s,
current source l,o") comparator 10I3) and D-type flip-flop 1070. D-type
flip-flop I070 may include two latches (not shown)) which are controlled by
node 302, via clock input 1074. In one 25 embodiment, one of the latches in
1070 may be shared with the programmable gated delay to create a falling
edge triggered non-retriggerable one-shot. By perfotirting several latching
and comparison operations in parallel) higher operating speeds may be
achieved in this embodiment. -20 SUBSTITUTE SHEET ( rule ?6 )   23 May 2002
WO 99I30457 PCT/US98/25524 Figure 11 illustrates an enutter coupled logic
(ECL) implementation of unipolar minimum interval correiator 1090) in
accordance with an embodiment of the invention. Unipolar minimum interval
correlator 1090 comprises edge transition comparator 1104 and falling-edge
triggered non-retriggerable one-shot 1102. Edge 5 transition comparator
1104 includes invertors 1110 and 1156) non-inverting buffer 1114. NOR gates
1130 and 1150, and node 1138. Node 1138 performs a wired-OR operation.
Falling edge triggered non-retriggerable one-shot 1102 includes comparator
1160, timing capacitor C"~" programmable current sources l,o,b and I"79,
diodes D "75 10 and D",6) reference voltages V,~ and V~u,~,,P) operational
amplifier 1170, NOR gates 1 I20 and 1140) inverter I 146, buffer 1124, and
nodes 1128 and 1166. Nodes 1128 and 1166 each perform a wired-OR operation.
Input 1111 of inverter 1110 and node 1144 of one-shot 1102 receive input
signal 155. The falling edge of input signal 155 triggers one-shot 1102 to
generate an 15 output pulse of duration t(l,o,b) at output 1127 of buffer
1124. Duration ~ is directly controlled by controlled current source I,o,b
or indirectly by input 816 via control input I017 to l,o,b. Output 1127 of
buffer 1124 is at a high state in the reset state, and transitions to a low
state during time T. One-shot 1102 cannot be retriggered by a subsequent
change in the state of input signal 155 until after both time z has elapsed
20 and input signal 155 returns to a high state. Input node 1144 connects
to input 1142 of NOR gate 1143 and input 1121 of NOR gate 1120. The open
emitter output 1143 of NOR gate 1140 connects via 



node 1128 to input 1122 of NOR gate 1120, input 1147 of inverter 1146) and
non inverting open emitter output 1126 of buffer 1124. Output 1148 of
inverter 1146 25 connects to input 1141 of NOR gate 1140 to create an R-S
latch. A high state at node 1 l44 sets node 1128 to a low state when output
1126 is low, while a high state at output 1126 overrides input 1 144 to set
node 1 l28 to a high state. Output 1126 of buffer ! 124 may be at a high
state during time T, and may inhibit NOR gate 1120 from responding to
changes in input signal 155. Open emitter 30 output 1 t 23 of NOR gate 1120
connects via node 1166 to the open emitter output of comparator 1160)
capacitor C"~" and input 1 l25 of buffer 1124. -21 SIJBSTITL~TE SHEET (
rule 26 )   23 May 2002 WO 99I30457 PCT/US98/25524 Capacitor C"~, connects
to non-inverting input 1161 of comparator 1160, the cathode of diode D"75,
and programmable current source l,o,b. Output 1173 of opamp 1170 drives the
anode of diode D",s . Opamp 1170 may be configured, for example. as a
voltage follower with diode D"~6 in the feedback loop between output 1173
and 5 inverting input I 172. Diode D",6 may be biased at the same current
density as D",5 by programmable current source I"7g. Node 1179 controls
current I"78 and node 1017 controls current l,o". Both control node 1017
and control node 1179 connect to input 816. Inverting input 1162 of
comparator 1160 connects to voltage source V,~F. Non 10 inverting input
1174 of opamp 1170 connects to voltage source V~~,~,,,P. Inverting output
1127 of buffer 1124) which is controlled by node 1166, forms the output of
one-shot 1102, and connects to input 1134 of gate 1130 in edge transition
comparator 1104. In the quiescent state, the input signal 155 and input
node 1144 may be in the I5 high state) nodes 1128 and I I66 may be in the
low state, and the voltage at node 116S may be held at V~,,~,~P. When the
input node 1144 Vansitions to a low state due to a negative transition in
input signal 155 ) output 1123 of NOR gate 1120 transitions to a high
state. The coupling through capacitor C"~ forces node 1165 to a high state.
A positive feedback through comparator 1160 and C"65 holds node 1 t 66 at a
high state 20 until the voltage at node 1165 decreases to V,~F. When node I
166 transitions to a high state after input signal 155 transitions to a low
state, buffer 1124 drives node 1128 to a high state, activating a first
latch, which includes inverter I 146 and NOR gate I 140. Output 1123 of NOR
gate 1120 may be subsequently inhibited when node 1128 transitions to a
high state. The first latch 25 continues to hold node I 128 at a high
state, and inhibits output 1123) which may only be reset after node 1166
transitions to a low state at time i. The first latch is reset to a low
state through NOR gate I 140 when both node 1166 returns to a low state and
input signal 15S transitions to a high state, restoring one-shot 1102 to
the quiescent state. The voltage on capacitor C",~ has sufficient time to
reach steady state since 30 one-shot 1 I02 triggers only on the falling
edge transitions. -22 SUBSTITUTE SHEET ( rule ?6 )   23 May 2002 WO
99/3d457 PCT/US98I25524 The pulse duration r may be related to the
capacitor discharge current 1. by conservation of charge at node 1185. This
relationship may be represented as follows: l1016 + Ib ~ T - ~ w1166~11016~
T~ + vCLMIP vREF vOS ~ C1164 ~ 12~ rh rh 5 + ~ vCIAMP ' vREF - v05 ~ CS + ~
QB - Q~11016~ 



where CS is the stray capacitance associated with node 1165 and Q,, is the
charge stored in diode D1,75. OVII~) represents the rising voltage waveform
at 1166 after the falling transition in input signal 155 triggers one-shot
1102. In accordance with an embodiment of the invention, the parameters
associated 10 with comparator 1160 are as follows: Ib is the input bias
current, Vos is the Input offset at threshold and D Qgh is the input charge
required to switch comparator 1160. This expression shows that 11o16 may be
nearly proportional to fb" when = = ib". Non-inverting buffer I 114
receives output 1112 of the inverter 1110, which matches the turn-on delay
of one-shot 1102. NOR gate 1130 compares outputs 1116 15 and 1127 of buffer
1114 and one-shot 1102, respectively. Open emitter output 1136 of NOR gate
1130 may be a curnent pulse) which may, for example) be a function of the
time interval between the subsequent rising edge in input signal 155 and
the rising edge of output 1127 of one-shot I 102 after delay time z. Node
1138 transitions to a high state when input signal 155 transitions to a 20
high state while output 1127 of one-shot 1102 is at a low state. NOR ~eate
1150 and inverter I 156 connect to each other to form a second latch) which
is activated by a high state at node 1138. If node 1138 is raised
sufficiently high, then feedback loop around gate I 150 and inverter 1156
holds node 1138 at a high state until input signal 155 transitions to a low
state and output 1116 of gate I 114) which connects to NOR 25 gate 1150)
transitions to a high state. The relationship between the current pulse
from output 1136 of gate 1130 and t - sb" may be represented as follows:
Charge Qo-1,36 in the current pulse from gate 1130 is proportional to T -
Tb" - ~TBa) where ~iR~,~ is a fixed fraction of the nominal gate
response-time. The probability that node 1138 may be set to a high state
depends 30 on QC-1136 through a function FR",~ ~QO_1136>> "Those
characteristics are shown in Figure -?3 S~JBSTITUTE SHEET ( rule ?6 )   23
May 2002 WO 99I30457 PCT/US98/25524 9e. The average time that node 1 l38
rcmatns at a high state, once activated, may approximately be;, , zm,~ +
zm,~ - ~z~,t~. The srgnal at node 1 l38 may be used to control t through
1,a,6 by using a negative feedback. ANALOG FEEDBACK CIRCUIT 5 Figure 12a
illustrates an analog implementation of feedback circuit 830, in accordance
with an embodiment of the invention. In this embodiment, feedback circuit
830 comprises a summation circuit 1210) a low pass filter 1220, a
differentta! amplifier 1230) and a reference voltage V,~o. L.ow pass filter
1220 includes an output 1224) and differential amplifier 1230 includes an
output 1236. Figures i2b-d 10 illustrate a change in bit rate of input
signal 155) change in low-pass filter output 



1224, and change in amplifier output 1236. Feedback circuit 830 receives at
nodes 832, and 832:, which collectively form input 832) outputs 826, and
826=, respectively, of minimum interval correlator 840. Node 832, connects
to input 1212 of summation circuit 1210, and Node 832: connect 15 to
summation circuit input 1214. Low pass filter 1220 filters output 1216 of
summation circuit 1210) which is applied to non-inverting input 1232 of
differential amplifier 1230. Reference voltage V,~o connects to inverting
input 1234 of differential amplifier 1230. Output 1236 of amplifier 1230
forms feedback circuit output 836. 20 Inputs 1212 and 1214 of summation
1210 receive nodes 832, and 832 pulses from outputs 826, and 826, of
unipolar minimum interval correlators 1090 and 1092) respectively) when ib"
< t. Low pass filter 1220 removes high frequency variations from the
combined signal at output 1216 of summation 1210. Differential amplifier
1230 amplifies the difference between the filtered signal at output 1224 of
filter 1220 25 and reference voltage V,~o. The amplified difference between
V,2Za and V,ZSO appears at output 1236, and may be used to control the
period z of time interval generator 810. Differential amplifier 1?30 may
incorporate phase margin compensation) which may be necessary to maintain
overall feedback loop dynartuc stability. Figure 12b illustrates an
increase in bit rate fb" of input signal 155 from fb", to 30 fb"~ > fb"~
occurring at time t = 0. The change in the bit rate is detected by minimum
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interval correlator 840, which generates a change tn the race of pulses
that appear at inputs 1? 12 and 1214 of suttunataon 1'_' 10 and
conseouently at output ! ~ 16. The level at output 1224 for r < 0 may be
mamtamed by a constant rate of pulses from rtunimum interval correlator
840. The horizontal dashed line in figure 12c illustrates that pnor to 5
the change at t = 0, a negative feedback holds output 1 ? 24 at nearly V,
DSO. A char ge tn the rate of pulses at t > 0 at output 1? 16 generates a
transient change in output 1'_''_'4. The amplified signal appearing at
output 1'?36 changes until period z of time interval generator 810 settles
to a new value of 1/fd,~. Minimum interval correlator 840 may generate an
output pulse when isolated 10 "ones" and "zeroes" occur in input signal
155. Input 1212, which is connected to falling edge transition comparator
output 826, via node 832,, may be active following high-to-low transitions
in input signal 155. The probability that output 826, transitions to a high
state following an isolated "zero" may be represented by F(i tb"), as shown
in Figure 9e. 15 Let Po(n) and P,(n) denote the distribution of run lengths
n for consecutive "zeroes" and "ones," respectively, in input signal l55.
The probability that an isolated "zero" occurs following a high-to-low
transition is therefore P~~(n = 1 ). The occurrence rate of isolated
"zeroes" may be represented as follows: Po(1) rate of isolated 0 = , (n0 +
n 1 ) T bu where no and n ( represent the average length for a run of
"zeroes" and "ones," 



20 respectively. The average time interval that output 826, remains at a
high state prior to a subsequent high-to-low transition can be represented
as follows: persistence time = (n) + C no) ib~~ , The holding property of
the edge transition detector 820 may be represented by parameter ~. In an
embodiment where minimum interval correlator l090 includes D -35
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type flip-flop 1070, ~ may equal 1. Alternatively, tn an embodiment where
minimum interval correlator 1090 includes falling edge tng~ered
non-retnggerable one-shot 1102, l; may equal 0. If the durations of
consecutive urns are independent, the average value of input 1212 may be
represented as follows: 5 V,zl;  (rate of isolated 0) x F('t - tb") x
lpersistence time) ( 13) An analogous expression to equation 13 applies to
input 1214 of rising edge transttion comparator output 826=. The filtered
output 1Z24 may be represented as follows: (n + ~' ) p ~ ( 1 ) + (n' + ~)
p( 1 ) F(T-i ) v1224 ~ + btr ' ( 14) n n~ 10 In accordance with an
embodiment, the average value V,z2s of low-pass filter output 1224 may be
used to control = using a negative feedback. The small-signal gain has the
desirable feature that it is independent of Tb". DIGITAL FEEDBACK CIRCUIT
Figure 13a illustrates a digital implementation of feedback circuit 830) in
15 accordance with an embodiment of the invention. In this embodiment,
feedback circuit 830 comprises R-S latches 1310 and 1320, positive D-type
flip-flops 1330 and 1340, AND gates 1350 and 1360) N-stage up/down counter
1370) M-stage binary counter 1390, and digital to analog converter (DAC)
1380. Up/down counter 1370 includes up-count clock (Clk~) input 1372 and
down-count clock (Clkfl) input 1374. 20 Figures 13b-a illustrate changes in
bit rate fb" of input signal 155, signal applied to Clk~, input 1372,
signal applied to Clkp input 1374) and analog output 1384 of DAC 1380.
Feedback circuit 830 receives at inputs 832, and 832, outputs 826, and
826=, respectively) of minimum interval correiator 840. Input 834 of
feedback circuit 830 25 receives input signal I55. Node 832, connects to
"set" input 1312 of latch 1310) and node 832, connects to "set" input 1333
of latch 1320. Latch outputs 1316 and 1326 -26 SUBSTITUTE SHEET ( rule ? 6
)  



23 May 2002 WO 99/3057 PCTNS98I25524 connect to inputs 1332 and 1342 of
D-type flip-flops 1330 and 1 s40, respectively. Clock input l392 of counter
1390 receives input signal 155 via Input 834. Terminal count (TC) output
1396 connects to "reset" inputs 1314 and 1324 of latches 1310 and 1320)
respectively. Clock Inputs 1334 and 1344 of D-type fhp-flops 1330 5 and
1340 connect to the second stage (Q,) output 1394 of counter l390. AND gate
1350 receives Inputs from non-inverting outputs 1336 and 1346 of D-type
flip-flops 1330 and 1340, respectively, and TC output 1396 of counter I390.
AND gate 1360 receives inputs from inverting outputs 1338 and 1348 of
D-type flip flops 1330 and 1340, respectively) and TC output 1396 of
counter 1390. Output l358 10 of AND gate 1350 connects to Clk~ input 1372,
and output 1368 of AND gate l360 connects to Clko input 1374. In one
embodiment, up/down counter l370 generates a parallel binary word, which is
monotonically related to the difference between the number of pulses
applied to Clk~ input 13?2 and Clkp input 1374. In another embodiment,
up/down counter 15 1370 generates a parallel binary signal representing a
successive approximation for rate estimate signal RE using a succession of
step sizes, which may, for example) vary with the pattern of pulses applied
to Clk~ input 1372 and Clkp input 1374. "Set" inputs 1312 and 1324 of
latches 1310 and 1320 receive pulses from outputs 826, and 8260
respectively, of unipolar minimum interval correlators 1090 20 and 1092
when t > Tb" is detected by edge transition comparator 820 via nodes 832,
and 832,. A pulse generated by unipolar rrunimum interval correlator 1090,
which is active on falling edge transitions tn input signal 155, sets
output 1316 to a high state. Similarly, a pulse generated by unipolar
minimum interval correlator 1092, which is 25 active on rising edge
transitions in input signal 15S) sets output 1326 to a high state. Counter
139D counts the number of transitions in input signal 155 modulo 2"', where
M equals, for example, 4. Second stage (Q,) output 1394 clocks D-type flip
flops 1330 and 1340 on every fourth low-to-high transition in input signal
155) storing the prevailing state of latches l310 and I320, respectively.
30 TC output 1396 transitions to a high state following each 2"'
low-to-high transitions in input signal 155, and transitions to a low state
after the next low-to-high 
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transition tn input signal 155. The rising edge of TC output 1396 may be
near the center of pulses from Q, output 1394. A high state on TC output
1396 enables AND gate outputs 1358 and 1368, and resets latches i 310 and
1320 to a low state. Output 1358 transitions to a high state when TC output
1396 is at a high state 5 if both D-type flip-flop non-inverting outputs
1336 and 1346 are at a high state, advancing the state of up/down counter
1370 forward by one count. Output 1368 transitions to a high state when TC
output 1396 is at a high state if both D-type flipflop inverting outputs
1338 and 1348 are at a high state) decreasing the state of upldown counter
1370 by one count. The state of up/down counter 1370 increases 10 when both
unipolar minimum interval correlators 1090 and 1092 detect T > tb", and
decreases when neither unipolar minimum interval correlator 1090 and 1092
detect i > tb". The state of up/down counter 1370 holds when only one of
unipolar rrunimum interval correlators 1090 and 1092 detects z > tb". The
binary signal at up/down counter output 1376 may be used to control T using
negative feedback. 15 Feedback circuit 830 may generate a digital signal at
output 836 using, for example, output 1376 of up/down counter 1370.
Alternatively) feedback circuit 830 may generate an analog signal at output
836 using, for example, output 1384 of DAC 1380) whose input 1382 connects
to counter output 1376. Figure 13b illustrates an increase in bit race fb"
of input signal 155 from fb", to 20 fb"~ > fb", at time t = 0. Prior to r =
0) negative feedback may hold period z of interval generator 810 close to
l/fb",. Minimum interval correlator 840 may detect the change in the bit
rate, which results in a change tn the rate of pulses that appear at both
latch inputs 1312 and 1324. The presence of pulses at both latch inputs
1312 and 1324 causes both D-type flip-flop non-inverting outputs 1336 and
1346 to transition to a 25 high state) toggling Clk~ input I372 as shown in
Figures 13c. In Figure 13d, Clkfl input 1374 is not toggled immediately
after r = 0 since z > llfb"=. Figure 13e illustrates analog output 1384 of
DAC 1380, which is driven by digital words generated by up/down counter
1370 with) for example, monotonic count states. In up/down counter 1370,
upward counting proceeds while t > 1/fb"~, and stops 30 when r = l/fb"~.
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RATE SELECTOR Rate selector 310 tracks changes in the bit rate frequency of
input signal 15S while rejecting transient errors in the rate estimate
signal RE) which may be caused by fitter and pattern dependent variation in
input signal 155. Figures l4a-b are block 



5 diagrams of implementations of rate selector 310, in accordance with two
embodiments of the invention. In the first embodiment, which is shown in
Figure 14a) rate selector 310 comprises a rate translation 1402, which
includes a function block 1410 and a function block I420. Rate translation
140Z may receive as input rate estimate signal 10 RE) which is generated by
discrete rate detector 301 of Figure ~. The rate estimate signal RE may
also be filtered prior to translation by I402. In the second embodiment,
which is shown in Figure 14b, rate selector 310 comprises rate translation
1402 and a rate estimate filter. The rate estimate filter includes a rate
correction block 1430, adaptive filter 1440) filter control 1450, rate 15
change detector 1460, expected rate comparator 1470, and summation 1480.
Correction block 1430 receives at input 1432 rate estimate signal RE, which
may be generated by, for example, continuous rate detector 301 of Figure 8.
Adaptive filter 1440 receives at input 1442 output 1434 of rate correction
block 1430. The output of filter 1440 may be applied as an alternative
input to rate translation 1402. 20 Rate translation block 1402 performs a
direct one-to-one mapping of an estimated line rate into control signals
RS, and RSV) which appear at output nodes 316 and 318, respectively. Input
1412 of function block 1410 and input 1422 of function block 1420 receive
an estimate of the line rate) for example) rate estimate signal RE from
discrete rate detector 301 or output from adaptive filter 1430. Function
block '?S 1410 generates control signal RS, at node 316. Function block
1410 may implement, for example, the function implicitly represented by
equation (S) or the relationship represented by equation (8). Function
block 1420 generates control signal RS, at node 318. Function block 1420
may implement, for example, the function implicitly represented by 30
equation (S) or the relationship represented by equation (8). Several
conventional techniques may be used to perform the one-to-one -29
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mapping. For example, an analog computer may be used to convert the race
estimate signal RE into control signals RS, and RS=. Alternately, rate
detector 301 or rate selector 310 may be implemented using an AID converter
whose binary outputs select an appropriate entry from a look-up cable for
control signals RS, and RS=. The look 5 up table may include rate specific
parameters for zEp and f ~. In yet another implementation, rate selector
3l0 may include a finite-state machine for converting a digitized rate
estimate signal RE into control signals RS. and RS= using, for example, an
appropriate mapping algorithm. When used in conjunction with. for example,
continuous rate detector 301 of 10 Figure 8, rate correction i 430 and
adaptive filter 1440 may improve the accuracy of the line rate estimate,
which is received by rate translation l402. Rate estimate signal RE is
applied to input 1432 of rate correction block 1430. Output 1434 from
correction block 1430 goes to input 1442 of adaptive filter 1440, input
l462 of rate change detector 1460, and input 1472 of expected rate
comparator 1470. 15 Input 1444 controls the response of filter 1440. Input
signal 155 is also applied via node 314 to inputs 1464 and 1474 of rate
change detector 1460 and expected rate comparator 1470, respectively. The
rate at which operations are performed within rate change detector 1460 and
expected rate comparator 1470 may) for example) be controlled by input
signal 155 via input 314. 20 Rate change detector 1460 includes output
1466) and expected rate comparator l470 includes output 1476. Outputs 1466
and 1476 are combined in summation 1480) and applied to input 1452 of
filter control 1450. Filter control 1450 includes output 1454) which is
applied to input 1444 of adaptive filter l440. Adaptive filter output 1446
connects to inputs 1412 and 1422 of function blocks 1410 and 25 1420)
respectively. Rate estimate signal RE appearing at Input 312 of rate
detector 301 may include predictable or measured error. Correction block
1430 may implement an 



algorithm, which compensates for predicted or measured discrepancy between
the rate estimate signal RE and the bit rate of input signal 155. 30
Adaptive filter 1440 outputs a modified rate estimate REF, which depends on
-30 SUBSTITUTE SHEET ( rule ? 6 )   23 May 2002 WO 99I30457 5 PCTNS98/25524
the current value of rate estimate signal RE and the current value's
relationship to the past behavior of rate estimate signal RE. Considenng
the behavior of rate estimate signal RE and modified rate estimate signal
REf at a set of discrete times, the current and past values of rate
estimate signal RE may be represented by the set of values ( RE, } while
the corresponding values of modified rate estimate signal REF may be
represented by the set of values { REFS ) . Adaptive filter 1440 may) for
example, construct modified rate estimate signal REF from rate estimate
signal RE using the following relationship: k k-I REFk = ~ ak _~ RE~ + ~ bi
_~ REFS , _. 10 where a, and b~ are coefficients which may be programmed
through input l444 subject. ( 15) Filter i440) which includes an
implementation of equation 15) reacts rapidly to changing rate estimate
signal RE when coefficient a, is large) and conversely, reacts slowly when
coefficients a, are large for i  1. Coefficients b~ may be selected to
affect persistent memory of a particular estimate. The constraint ~ a, = 1
may 15 prevent bias in modified rate estimate signal REF) while the
constraint ~ bJ < 1 may avert instability. Coefficients a, and b~ may be
selected based on patterns in the variation of rate estimate signal RE
following a correction by rate correction 1430. Rate change detector 1460
may distinguish small or insignificant fluctuations in rate estimate signal
RE, which is applied to input 146?, from rapid or significant 20 changes in
the corrected rate estimate. Rate change detector 1460 may construct a
histogram of rate change values, and compute the likelihood that a current
rate change is significantly different from rate changes in the recent
past. The magnitude of output 1466 may reflect the magnitude or duration of
a change in the current rate estimate relative to previous changes. The
response time for performing rate change 35 discrimination may be set by
the rate of transitions at input 1464. Expected rate comparator 1470 may
compare the current rate estimate signal RE with known common line rates or
previous values of { RE, } , which have persisted -31 SUBSTITI~TE SHEET (
rule ?6 )   23 May 2002 WO 99I30457 PCT/US98125524 for a significant time
Interval. The magnitude of output 1476 may reflect the 



proximity of rate estimate signal RE to known rates or previous persistent
rates. 'The response time for comparing rate estimate signal RE against
expected races may be sec based on the rate of transitions at input 1464. 5
While it has been illustrated and described what are at present considered
to be preferred embodiments and methods of the present invention, It will
be understood by those skilled in the art that various changes and
modifications may be made) and equivalents may be substituted for elements
thereof without departing from the true scope of the invention. In
addition) many modifications may be made to adapt a particular element,
technique or implementation to the teachings of the present invention
without departing from the central scope of the invention. Therefore, it is
intended that this invention not be limited to the particular embodiments
and methods disclosed herein, but that the invention include a11
embodiments falling within the scope of the appended claims. -32 SUBSTITUTE
SHEET ( rule ?b )   WO 99/3D457 CLAIMS 23 May 2002 PCT/US98/25524 1. A
method for recovering a clock signal from an input signal having a variable
bit rate, said method composing the steps of: estimating a minimum time
interval between transitions in the input signal; determining a center
frequency of a narrow-band filter based on the estimated minimum time
interval; and extracting) at the determined center frequency) the clock
signal from the input signal. 2. The method of claim 1 further comprises
the steps of: before the extracting step, generating a first plurality of
pulses corresponding respectively to transitions in the input signal;
adjusting the duration of each of the first plurality of pulses based on
the estimated variable bit rate; and inputting into the narrow-band f lter
the adjusted first plurality of pulses. 3. The method of claim 1) wherein
the estimating step further comprises the step of: determining the variable
bit rate of the input signal based on the estimated minimum time interval.
4. The method of claim l) wherein the estimating step comprises the steps
of: generating a second plurality of pulses that correlate to the
transitions 



in the input signal; and adjusting the duration of each of the second
plurality of pulses, such that minimum time intervals between the
transitions in the input signal match the durations of the corresponding
second plurality of pulses. 5. The method of claim 2) wherein the
extracting step comprises the -33 SUBSTITUTE SHEET ( rule ?b )   23 May
2002 steps of: generating a phase correction signal proportional to a
difference between a phase of the clock signal and a phase of the first
plurality of pulses; and adding the phase correction signal to a center
frequency of an oscillator generating the clock signal. 6. The method of
claim 2, wherein the extracting step comprises the steps of: generating a
frequency correction signal proportional to a difference between a
frequency of the clock signal and a frequency of the first plurality of
pulses; and adding the frequency correction signal to a center frequency of
an oscillator generating the clock signal. 7. The method of claim 4,
wherein the adjusting step of claim 4 comprises the steps of: generating a
voltage signal corresponding to the difference between the minimum time
interval between transitions in the input signal and the duration of the
corresponding second plurality of pulses; and generating a current signal
proportional to the voltage signal, wherein the current signal controls the
duration of each of the second plurality of pulses. 8. A method for
recovering a clock signal from an input signal having a variable bit rate,
said method comprising the steps of: estimating a minimum time interval
between transitions in the input signal; generating a first plurality of
pulses corresponding respectively to transitions in the input signal;
adjusting duration of each of the first plurality of pulses based on the
estimated minimum time interval and inputting into a narrow-band filter the
adjusted first plurality of pulses; determining a center frequency of the
narrow-band filter based on the estimated minimum time interval; and
extracting in the narrow-band filter the clock signal from the adjusted
first plurality of pulses. 34   23 May 2002 9. The method of claim 8,
wherein the estimating step comprises the steps of: generating a set of
delayed input signals by passing the input signal serially through a set of
delay segments, wherein the set of delay segments delay the input signal
based on a set of predetermined delay times, respectively; comparing the
input signal with the set of generated delayed input signals to determine
which of the predetermined delay times are less than the minimum time
interval between transitions in the input signal; and 



generating a control signal based on a sum of the predetermined delay times
that are less than the minimum time interval between transitions in the
input signal. 10. The method of claim 8, wherein the estimating step
comprises the steps of: generating a set of delayed input signals by
passing the input signal serially through a set of programmable delay
segments, wherein the set of programmable delay segments delay the input
signal based on a set of predetermined delay times, respectively; comparing
the input signal with the set of generated delayed input signals to
determine which of the predetermined delay times are less than the minimum
time interval between transitions in the input signal; and generating a
control signal based on a sum of the pre-determined delay times that are
less than the minimum time interval between transitions in the input
signal. 11. The method of claim 8, wherein the estimating step comprises
the steps of: generating one or more delayed transitions by passing the
input signal through a programmable time interval generator) wherein said
one or more delayed transitions are generated based on a set of delay time
values, respectively; comparing transitions in the input signal with the
generated delayed transitions; and 35   23 May 2002 adjusting one or more
of the delay time values, such that one of the delay time values matches
the minimum time interval between transitions in the input signal. 12. An
apparatus for recovering a clock signal from an input signal having a
variable bit rate, said apparatus comprising: a rate detector for
estimating a minimum time interval between transitions in the input signal;
a transition detector for generating a first plurality of pulses
corresponding respectively to transitions in the input signal; a
narrow-band filter for extracting the clock signal from an adjusted first
plurality of pulses; and a rate selector for adjusting, based on the
estimated minimum time interval, duration of each of the first plurality of
pulses and a center frequency of the narrow-band filter that receives the
adjusted first plurality of pulses. 13. The apparatus of claim 12) wherein
said rate detector comprises: a set of delay segments connected in series
for generating a set of delayed input signals based on a set of
pre-determined delay times, respectively; and a set of latches connected to
the set of delay segments, respectively, for comparing the set of delayed
input signals with the input signal to determine which of the
pre-determined delay times are less than the minimum time interval between
transitions in the input signal and generating a control signal based on a
sum of the pre-determined delay times that are less than the minimum time
interval between transitions in the input signal. 14. The apparatus of
claim 12, wherein said rate detector comprises: a programmable time
interval generator for generating a set of delayed transitions based on a
set of delay time values, respectively; and an edge transition comparator
connected to the programmable time interval generator for comparing the set
of delayed transitions with transitions in the input signal and adjusting
one or more of the delay time values, such that one of the delay time
values matches the minimum time interval between the transitions in the
input signal. 36 



23 May 2002 15. The apparatus of claim 12 further comprises: a calibration
source for generating a calibration signal having a set of predetermined
reference bit rates, wherein the rate detector estimates an estimated
reference bit rate of the calibration signal; and a response monitor for
determining differences between the predetermined reference bit rates and
the estimated reference bit rate and for adjusting the rate selector until
one of the determined differences equals zero. 16. The apparatus of claim
12, wherein the rate detector comprises: an interval generator for
generating a second plurality of transitions that correlate to the
transitions in the input signal; a transition comparator for determining a
difference between the duration of each of the second plurality of
transitions and a time interval between each of the transitions in the
input signal; and a feedback means for adjusting the duration of each of
the second plurality of transitions until the determined difference equals
zero. 17. The apparatus of claim 12, wherein the narrow-band filter
comprises: a phase comparator for generating a phase correction signal
proportional to a difference between a phase of the clock signal and a
phase of the adjusted first plurality of pulses; and a first adder for
adding the phase correction signal to a center frequency of an oscillator
generating the clock signal. 18. The apparatus of claim 17, wherein the
narrow-band filter further comprises: a frequency comparator for generating
a frequency correction signal proportional to a difference between a
frequency of the clock signal and a frequency of the adjusted first
plurality of pulses; and a second adder for adding the frequency correction
signal to the center frequency of the oscillator generating the clock
signal. 19. The apparatus of claim 16, wherein the interval generator
comprises: 37   23 May 2002 an edge triggered one-shot for generating the
second plurality of pulses that correlate to the transitions in the input
signal. 20. The apparatus of claim 16, wherein the interval generator
comprises: one or more resettable edge triggered delay elements for
generating the second plurality of pulses that correlate to the transitions
in the input signal. 21. An apparatus for recovering a clock signal from an
input signal having a variable bit rate, said apparatus comprising: a rate
detector for estimating a minimum time interval between transitions in the
input signal; a rate selector connected to the rate detector; a transition
detector connected to the rate selector; and a narrow-band filter connected
to the transition detector and the rate 



selector, such that the rate selector adjusts, based on the estimated
minimum time interval, duration of each of a plurality of pulses generated
by the transition detector and a center frequency of the narrow-band filter
for extracting the clock signal from the input signal. 38
.AnR.A.A.A,n,.A,.A.A .A,l.A.A
.A,l.A.Al.As!.A`.AL!.A.AsH.AY.As5.AL.A.Al.A.A!E.Al.AY.A.A.A5.AF.A.A.ASl.A,f
.A@n.A,%.A,.A, *3^mJN {TL    /&}wrmhc]XS]ca]caU]ca]ca]c
a]ca]caU]ca]ca]caU]ca]ca]caU]ca]ca]caU]ca]ca]caU]ca]ca]ca]caU]ca]ca]caU]caU
]caU]caU]ca]caU]ca &
$hrzY\v{,kezupkfa\W]ca]ca]ca]ca]ca]ca]ca]caU]caU]ca]ca]c
a]ca]caV]ca]caV]ca]ca]ca]caV]ca]caV]ca]ca]ca]ca]ca]caV]ca]caV]ca]ca]ca
efia#q#26VbHeI$h(m(y(Y*_*k*w****++j+++",ztoje`[Vc]ca]ca]ca]ca]ca]caU]ca]ca]
caU]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca!",k,,,-`-o--.$.l...$///u//0I0y0011"1
D1P1S1\1k112+2s22|wqlgb]Xc]]ca]ca]ca]ca]caU]ca]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!2293
x33384444%5p666;777;
888999999:::::::~ytoid^Ylgb]Xc]]]caU]ca]caU]ca]ca]ca]caU]caU]ca]ca]c
a]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca :;
;;<C<G<\<==(=;=====>2>3>S>_>{>>>>>>>>>>>>{upje_YTlgb]]caU]caU]ca]caU]ca]caU
]ca]caU]ca]caU]caU]ca]ca]c a]ca]ca]ca]caU]ca]ca]ca]ca]caU]ca]ca]ca]c
a]ca]ca UV]ca]ca]ca >G??????,@@@$AhAABQBBCHDDD?EEE?FFFFGG!G9GmGG
H{vqkfa\W]c]ca]ca]ca]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]caV]ca
]ca]ca!
H_HHIJ&J4JhJJJJTKKyLLLLLAMEMGMNMPMUMMMMMMMMMNzupje_ZUkfa\W]]ca]caU]ca]caU]c
a]ca]caU]ca]ca
UV]ca]caU]ca]caU]ca]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]c
a
NN6NBNNN^NNNNNOPVQwQQRlRRSGSSSCTdTkTTUU?VVVWWW}xsnid_ZU]]ca]ca]ca]ca]ca]ca]
ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]caV]ca]caU]caU]c
a]ca]c a]ca!WXXX)X{XXXXXX2YYZ/[A[[[0\\\(]d]]^_T`````a!a-azupje`[U]U]ca]ca]c
a]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]ca
]ca]caU]caU]ca]ca]c a!-a<aaa;
bbbbbbbmcqccc*ddyeee1fgg2h6hhh,iiiijj|wrmhb]Wje`[U]U]U]ca]caU]ca]ca]ca]ca]c
a]caU]ca]ca]ca]ca]ca]caV]ca]ca]ca]ca]ca]caV]ca]caU]ca]caV]ca]caV]ca]ca]ca]c
a]ca]ca
jjj/k4kTk`kkkkkkkm&mnndopppppqUqqqrgrsssttzupke`[V]U]ca]ca]caU]ca]ca]ca]ca]
ca]ca]caU]caU]ca]ca]c a]ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c a]c
a]ca]ca]ca]ca!ttuuGuuvxx>zzzz{{{-{{{{_|c|||}
}.}Z}i}y}}}}{vqkf`[Vke`[V]U]ca]caV]ca]caV]ca]ca]caV]ca]ca]ca]caV]ca]caU]ca]
ca]caU]caU]ca]ca]c a]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]caV]ca
}T~w~~~2aD&2>M-H84{vqlgb]X]U]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]caU]c
a]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!3LR!v=`8#RK{vqlgb]X]U]]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!K-3FBWTd$w7{vqlgb]X]U]]ca]ca]ca]ca]ca]ca]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!!fcH3+xq?-z'z|wrmgb]X]U]]ca]ca]caU]ca
]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca!z'<7]`d
14bobztoid_ZU]]ca]ca]ca]caV]ca]caV]ca]ca]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]ca
V]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca!`JGglMA9akWc{vqlgb]X]]c]ca]ca]ca]ca]ca]ca]ca]ca]caV]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!(xXU"+:zHMmy7=DH{uojd^Ylgb]X]]c]]caV]caU]ca
]caU]caU]ca]ca]c a]ca]ca]ca]ca]ca]ca]ca]caU]ca]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
HZ\hntvz}ZU[0ytnid_ZUojd^Ylgb]X]]ca]ca]ca]ca]caV]ca]caV]ca]ca]ca]ca]ca]caU]
ca]ca UV]caV]ca]caU]ca]caU]ca]caU]ca]caU]ca]caU]ca
UV]caU]ca]caU]ca']+/5=+b4*(tzupkfa\W]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]caU]caU]ca]ca]c
a]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!tt\btCXPlytnib]Xkfa\W]]]]ca
]ca
UV]ca]caU]ca]caU]ca]ca]c^a]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]caU]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca 'x}=
#'+1)uc]|wrmhc^Ykfa\W]]]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caU]ca]caU]ca
]caU]ca]ca]c^a]ca]ca]ca]caU]caU]ca]ca]c a]ca]ca]ca]ca -9DRC'z
r/~,wgqi{vqlgb]X]]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]caU]caU]ca]ca]c
a]ca]ca!@EeG?-XL6zupje`[V]]]ca]ca]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]caU]ca]ca]c
a]ca]ca]ca]ca]ca]caV]ca]caV]ca!$n+0P\wi?5{X6h~ytoje`[V]]]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]caU]caU]ca]ca]c a]ca]ca]ca]ca]ca]ca]ca]caU]ca]ca]c
a]ca]ca]ca]ca]caV]ca!# :   $]  #bhoq}|wqkd^YTje`[]ca]caV]ca
UV]caV]caU]ca]caU]ca]caV]ca]caV]ca]caV]ca]ca]ca]ca]caU]ca]ca]c
a]ca]caV]ca]ca]ca]ca]ca]ca]ca]ca]ca =)+glejW}xsnic]XSje]ca]caU]caU]ca]ca]c
a]ca]ca]ca]caV]ca]caV]ca
UV]ca]caV]ca]caU]ca]caV]ca]caV]ca]ca]ca]ca]ca]ca]caV]ca]caV]ca]ca
W0*B2:In5=:D@}wrmhc^Yca]]ca]ca]ca]ca]ca]caU]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca]ca!@{DV!##H$$%G%l%%%%%/&{((N++t,,,,,,-}xsnid_Zca]
]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]c
a]ca]ca]ca]ca]ca]ca]ca]ca!-R.g..3//20w012234444676880993:a:::;
D<J<V<<<g==}xsnid_Zca]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca!=4>>>>>E??;
@Y@\@44676880993:a:::;
D<J<V<<<g==}xsnid_Zca]]]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]
ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca
3^mcE'10%b&'()-3310%b&'()-@@10%&'()-'10%b&'()- f!10%ss&'()-
f!10%bb&'()-JNiK-&$10%b&'()-Y"@10%b&'()-9z
10%&'()-F"10%b&'()-s910%b&'()-&&`10%b&'()-&10%b&'()- {TiK-sy/S 10%b&'()-s-
10%b&'()-9,,10%b&'()-s*310%b&'()-`(10%b&'()-L9'!10%b&'()-L%t10%b&'()-L  



}siKsy/S 10%b&'()-9$10%b&'()-10b10b10b`@>s10%b&'()-3sY4
10%b&'()-2!10%b&'()-s1f 10%b&'()-  /&
$wX6siK!1-#10%KbKb&'()-s$10%v&'()-!6s$10%PP&'()-!6s$10%PP&'()-!#s$10%=2=2&'
()-!s$10%bb&'()-$hz[9siK!!X3/3"10%rbrb&'()-v|3.l10%b&'()-!1-#10%&'()-!a-#10
%{b{b&'()-!N-#10%hbhb&'()--#10%&'()-bC!!Xf10%@&'()-L$10%@&'()- 10b 10b
10bs>s10%b&'()-3l: 10%b&'()-3/3"10%&'()-v,kdEbC!!Xl10%@&'()-fs10%@&'()-
f"10%@&'()- 3g 10%@&'()-S10%@&'()- $10%@&'()-eadEbC!!X$
10%@&'()-&#10%@&'()-&s! 10%@&'()-&S 10%@&'()-
"10%@&'()-10%@&'()-#q#26dEbC!!Xl: 10%@&'()-s610%@&'()-4Z"10%@&'()-Ll.
10%@&'()-,"10%@&'()-
9@&10%@&'()-6STUVbHe*!~_=!!!,10%&'()-y-10%&'()-!,10%&'()-%,10%&'()- 10@ 10@
10@L>M10%@&'()-4*!$I$&h(j(k(l(m(z[PE:!! 10 10
10:`10%&'()-!`,$10%&'()-,$10%&'()-!,10%&'()-!`,10%&'()-m(y(Y*\*]*^*_*k*w*~_
@!! 10y10%-u&'()-L$10%-u&'()- 10/ 10/ 10/5
10%/&'()-!10%//&'()-$,10%/&'()-w****++j+dE~_@!! 10 LF"10%-u&'()-
,10%-u&'()-10%-u&'()-$10%-u&'()-l10%-u&'()- 10%-u&'()-j+++",k,,,dE~_@!!
10310%-u&'()-y10%-u&'()-10%-u&'()-@10%-u&'()-10%-u&'()-
10%-u&'()-,-`-o--.$.dE~_@!! 



10&@10%-u&'()-&LS10%-u&'()-s!10%-u&'()-@10%-u&'()-l10%-u&'()-10%-u&'()-$.l.
..$///u/dE~_@!!
10)10%-u&'()-LF(10%-u&'()-9&m10%-u&'()-$"10%-u&'()-&@#S10%-u&'()-!10%-u&'()
-u//0I0y001dE~_@!! 10`3
10%-u&'()-210%-u&'()-LL010%-u&'()-.310%-u&'()--10%-u&'()-Ll+410%-u&'()-11"1
A1B1C1D1k11_@!! 1010%(&'()- ! "10%&'()- 10-u 10-u 10-u9?:10%-u&'()- l:
10%-u&'()-@5'10%-u&'()-12+2s22293dE_@!! 10910%(&'()- `
10%(&'()-l!10%(&'()-3 10%(&'()- L:10%(&'()-L 10%(&'()-93x3338444dE_@!!
10s910%(&'()-s  10%(&'()-s10%(&'()- 9!10%(&'()-
,10%(&'()-`10%(&'()-44%5p666;7dE_@!!
10s+10%(&'()-y)10%(&'()-F'-#10%(&'()-9! 10%|&'()-F"10%(&'()-&10%(&'()-;777;
899999dE:/ 10( 10(>`10%(&'()-33:
10%(&'()-1!10%(&'()-Y0"10%(&'()-Y.10%(&'()-,g 10%(&'()-99999:::xY7/
10!^0s310%&'()-&10%T&'()-10%T&'()-$10%T&'()-y10%T&'()-`$,10%T&'()- 10(::;
;<C<G<}^?7/ 10!^@)10%T&'()-&10%T&'()- 10%T&'()-!`10%TT&'()-@!%
"10%//&'()-F(10%T&'()-G<\<(=;====dB7/
10!^!d`Y.10%&'()-Y.10%T&'()-+"10%T&'()-F(F10%T&'()-!10%T&'()-3s#10%T&'()-=>
2>3>P>Q>R>S>{>xmb@ 10!^!y3"10%&'()-f 10T 10T 10T9?&10%T&'()-  :
10%T&'()-9S5 10%T&'()-&310%T&'()- {>>>G???,@aBmb@ 10!^!y10%b&'()- !
"10%2b2b&'()-L10%b&'()-  T 10%b&'()-10%b&'()-`y10%b&'()- 



,@@@$AhAABdEmb@ 10!^!9`10%b&'()-10%b&'()-&10%b&'()-lm10%b&'()- -10%b&'()-
10%b&'()-BQBBCHDDDdEmb@ 10!^!`- 10%b&'()-9l+10%b&'()-)!10%b&'()-9@#S
10%b&'()-!10%b&'()-9M10%b&'()-D?EEE?FFFdEmb@ 10!^!6-
10%b&'()-sS5!10%b&'()-s310%b&'()-
2"10%b&'()-s`0m10%b&'()-s.10%b&'()-FFGGGG9GmGG~_@
10!^F10%(&'()-910%(&'()-!"10%&'()-@ 10b 10b 10b`?`10%b&'()- : 10%b&'()-G
H_HHIJhJdE~_@ 10!^ F!10%(&'()-` 10%(&'()-` 10% &'()-!10%(&'()- L`@
10%(&'()-L  10%(&'()- hJJJJTKKLdE~_@ 10!^!f 10%(&'()-F !10%(&'()-`f
10%(&'()-910%(&'()-&10%(&'()-s10%(&'()-LAMPMUMMMN^?~_@ 10!^6@10%(&'()- !
93`10%((&'()-`010%(&'()-!Y,10%&'()-Y,10%(&'()-33(10%(&'()-NN3N4N5N6NBNNN^Nb
C 10!^$10%T&'()-y10%T&'()-L$,10%T&'()- 10( 10( 10(>`10%(&'()- :
10%(&'()-^NOPVQwQQRdEbC 10!^10%T&'()-l10%T&'()-10%T&'()-,y
10%T&'()-10%T&'()- 10%T&'()-RlRRSGSSSdEbC 10!^9!- 10%T&'()-@
10%T&'()-&10%T&'()-F"10%T&'()-&` 10%T&'()-& 10%T&'()-SCTTUU?VVdEbC 10!^`0
10%T&'()- 9.10%T&'()- L-  10%T&'()-L&z 10%T&'()- %!10%T&'()-Ly# 10%T&'()-
VVWWWWXXXaVK@ 10!^ 10T 10T 10TL9?`10%T&'()-
F:m10%T&'()-s3710%T&'()-!y3S#10%TT&'()-`@210%T&'()-XXX)X{XXXaBVK@ 10!^ 



F10%&'()-Z!0F10%JbJb&'()-Z10%b&'()-
$10%b&'()-10%b&'()-L$10%b&'()-X2YYZ/[A[[aBVK@ 10!^
10%b&'()-93M10%b&'()-!10%b&'()- f 10%b&'()-3910%b&'()-
!F10%bb&'()-Z[[0\\\(]d]aBVK@ 10!^ `@#10%b&'()-`!10%b&'()-9
10%b&'()-!S!10%mbmb&'()-910%b&'()-9l`10%b&'()-d]]^_T```dEVK@ 10!^
6Z10%b&'()-3@5`!10%b&'()-. 10%b&'()--:!10%b&'()-`y&
10%b&'()-$"10%b&'()-`aaaa!a-a<aabC 10!^  10%g&'()-
$10%g&'()-10%g&'()-9$10%g&'()- 10b 10b 10bs?M10%b&'()- aa;bbbcc}[<bC
10!fS10%g&'()-! Z"10%hh&'()-! Z"10%Z Z &'()-! Z"10%g[g[&'()-10%g&'()- Y
10%g&'()- c*dde1fggdEbC 10!%m"10%g&'()-10%g&'()--#10%g&'()-Y
10%g&'()-!10%g&'()-- 10%g&'()-g2h6hhh,iidEbC 10!9. 10%g&'()-9-`!10%g&'()-
9+s10%g&'()-)g10%g&'()-&(10%g&'()-&& 10%g&'()-iiijj/k4kaBbC 10!:10%g&'()-`
7 10%g&'()-y5`!10%g&'()-9{1 10%g#&'()-Q!9{1
10%kk&'()-QC0e10%g&'()-4kQkRkSkTk`kkkkbC 10!
`10%&'()-10%&'()-Gyy10%&'()-@10%&'()- 10g 10g 10g&9?s10%g&'()- kkkkkkkdEbC
10!y< '!10%&'()-:y< '!10%&'()-:y<
'!10%&'()-:9$'10%&'()-S10%&'()-s10%&'()-kkkkklleFbC 10!y< 



'!10%&'()-:y< '!10%&'()-:#3 %!y< '!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:l
lllll leFbC 10!y< '!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:#3 %!y<
'!10%&'()-:y< '!10%&'()-: l$l%l*l0l6l<leFbC 10!y< '!10%&'()-:y<
'!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:#3 %!y<
'!10%&'()-:<l=lAlGlMlSlTleAbC 10!#3 %!y< '!10%&'()-:y< '!10%&'()-:y<
'!10%&'()-:y< '!10%&'()-:#3 %!Tl[lalglmlnlrlxldJ+Cy< '!10%&'()-:y<
'!10%&'()-:#3 %!y< '!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:y<
'!10%&'()-:xl~lllllleF+Cy< 



'!10%&'(y< '!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:#3 %!y< '!10%&'()-:y<
'!10%&'()-:llllllleF+Cy< '!10%&'(y< '!10%&'()-:y< '!10%&'()-:y<
'!10%&'()-:y< '!10%&'()-:#3 %!y< '!10%&'()-:llllllleA+Cy< '!10%#3 %!y<
'!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:#3 %!lllllllldJ+Cy<
'!10%&'()-:y< '!10%&'()-:#3 %!y< '!10%&'()-:y< '!10%&'()-:y< '!10%&'()-:y<
'!10%&'()-:llllmmmeF+Cy< '!10%&'(y< '!10%&'()-:y< '!10%&'()-:y<
'!10%&'()-:#3 %!y< '!10%&'()-:y< '!10%&'()-:mmmm&mmdobA+Cy< 



'!10% s'#10%\"\&'()-f s'#10%S'!S&'()-f sH%10%#&'()-y< '!10%&'()-:#3 %!y<
'!10%&'()-:doppppppppvU4 sS10%#&'()- s&$10%#&'()-10#10#10# s?`10%#&'()-
sl:10%#&'()- s'#10%y"y&'()-fpqUqqqrgr|[:vU4 s s94"10%#&'()- s sf 10%#&'()-
s 10%#&'()- s3 10%#&'()-  syy10%#&'()-  s$10%#&'()-grstGuuvx|[:vU4 s
s$3"10%#&'()-9s sL 10%#&'()- ssY"10%#&'()- s  10%#&'()- s`y@ 10%#&'()- s
10%h"&'()-xx>zzzz{{|[:-410#s s?910%#&'()-3s s:10%#&'()- s6 10%#&'()-  s@5
"10%#&'()- s. 10%#&'()- ss$3"10%#&'()-9{{{{{-{{|bA410#s s sS3 10%'#'&'()-m
sS 10%'#'&'()- ss$10%'#'&'()- s,10%'#'&'()-
s&$10%'#'&'()-10#10#||.}Z}}}T~|[:A410#s sL"10%'#'&'()-  sf 10%'#'&'()-
s0S10%'#'&'()-F sf310%'#'&'()- sf F10%'#'&'()- W9!10%#&'()-
T~w~~~2|[:A410#s s# 10%'#'&'()- s`!10%'#'&'()- sl10%'#'&'()- sf910%'#'&'()-
ss 10%'#'&'()- slG 10%'#'&'()-aD|[:A410#s ss13"10%'#'&'()- sY+f 10%'#'&'()-
s`)!10%'#'&'()- s(10%'#'&'()- sf&g10%'#'&'()- s$910%'#'&'()-#$%&2|obU410
s$10%z#z&'()-10'#'10'#'10'#' s>M10%'#'&'()-3 s:10%'#'&'()- s,5G10%'#'&'()-
s310%'#'&'()-2>M-H|[:bU410 s s& 10%z#z&'()- s&10%z#z&'()-  s&310%z#z&'()-
sy10%z#z&'()- s$10%z#z&'()- s10%z#z&'()-H8|[:bU410 s s`10%z#z&'()-
s"10%z#z&'()- sL  10%z#z&'()- sy 10%z#z&'()- s9 z 10%z#z&'()-
sF9&!10%z#z&'()- 43|[:bU410 s s3-10%z#z&'()- sy& 10%z#z&'()- s$!10%z#z&'()-
ss,#f 10%z#z&'()- s! 10%z#z&'()- s9-10%z#z&'()-LR|[:bU410 s s6g10%z#z&'()-
sF@5f#10%z#z&'()- s3T 10%z#z&'()- s1G10%z#z&'()- sL010%z#z&'()-
ss.10%z#z&'()-vU410 ss$10%#&'()- s@10%#&'()- sL$10%#&'()-10z#z10z#z10z#z
s?`10%z#z&'()-  s:10%z#z&'()-!v=|[:vU410 s s10%#&'()-s s !10%#&'()- s
sy10%#&'()- s 10%#&'()-  s'10%#&'()-  sf10%#&'()- `8|[:vU410 s sf10%#&'()-s
sY10%#&'()-s ss9m"10%#&'()-  s 10%#&'()- s10%#&'()- sF10%#&'()- 8#R|[:vU410
s s"`10%#&'()- s s 310%#&'()-s s310%#&'()- sf- 10%#&'()- s10%#&'()-
s,10%#&'()-K-|[:vU410 s s,S 10%#&'()-s sF+10%#&'()-s s)10%#&'()-
s'@10%#&'()- s@& "10%#&'()- ss$10%#&'()-3F|[:vU410 s s6,#10%#&'()-s s&f5@
10%#&'()-s s310%#&'()- s1Y10%#&'()- s&0y 10%#&'()- s."10%#&'()-vU410
s$10%X#&'()- sy10%X#&'()- s$10%X#&'()-10#10#10# s?&10%#&'()-
s:10%#&'()-BW|[:vU410 s s &10%X#&'()-s sy10%X#&'()- s s 10%X#&'()- s@
10%X#&'()- s!10%X#&'()-  s 10%X#&'()-&Td$|[:vU410 s s#10%X#&'()-s
s10%X#&'()- s sL 10%X#&'()- s&10%X#&'()- s&l10%X#&'()- s
10%X#&'()-$w7|[:vU410 s ss`-- 10%X#&'()-s ss+Y10%X#&'()-s s9*10%X#&'()-
s`l(3 10%X#&'()- s&s!10%X#&'()- s9@  10%X#&'()-!fc|[:vU410 s s
F7,#10%X#&'()-s s5 10%X#&'()-s s3m10%X#&'()- ssS2 10%X#&'()- sL010%X#&'()-
s.10%X#&'()-HvU410 s10%#&'()- s@"10%#&'()- s$10%#&'()-10X#10X#10X#
ssL?M10%X#&'()-  sF:10%X#&'()-H3+x|[:vU410 s s@,10%#&'()-s sS 10%#&'()-s
s`y 10%#&'()- s 10%#&'()-  sT 10%#&'()- syF10%#&'()- xq|[:vU410 s s
10%#&'()-s s`10%#&'()-s s!10%#&'()- s3f 10%#&'()- ssM!10%#&'()-
s10%#&'()-?-|[:vU410 s s.10%#&'()-s s-S 10%#&'()-s s& 10%#&'()-
s$!10%#&'()- sS#310%#&'()- s!10%#&'()-'z'|[:vU410 s s:10%#&'()-s s&6
10%#&'()-s s@5!10%#&'()- s310%#&'()- s210%#&'()- s`0 10%#&'()-vU410
sf10%'#'&'()- s$10%'#'&'()- s@10%'#'&'()- s$10%'#'&'()-10#10#10#
s?:10%#&'()- <7|[:vU410 s s'10%'#'&'()-s sy10%'#'&'()- 



s s`!10%'#'&'()-s sf  10%'#'&'()-  s,10%'#'&'()-  sfl10%'#'&'()-] b|[:vU410
s s 10%'#'&'()- s s& 10%'#'&'()-s sY10%'#'&'()-3s s0L"10%'#'&'()-G
st10%'#'&'()-  s@S10%'#'&'()-b`|[:vU410 s s&10%'#'&'()-s s$ 10%'#'&'()-s
sS#10%'#'&'()-s s! 10%'#'&'()- ss "10%'#'&'()- sys@10%'#'&'()-JGg|[:vU410 s
sf5`10%'#'&'()-s s310%'#'&'()-s s2G10%'#'&'()-s ss0"10%'#'&'()- s)z
10%'#'&'()- ss3(!10%'#'&'()-glMvU410 sy "10%!&'()- sy "10%E#&'()-
s$10%E#&'()-10'#'10'#'10'#' s?10%'#'&'()-3 s:10%'#'&'()-MA|[:vU410 s
sS10%E#&'()-s s10%E#&'()-s s10%E#&'()-  s `!10%E#&'()- s 10%E#&'()-
s10%E#&'()- 9W|[:vU410 s s&y 10%E#&'()-s s 10%E#&'()-s sy10%E#&'()-
s&3Z10%E#&'()- sY"10%E#&'()-  s&S 10%E#&'()-c(x|[:vU410 s sL)410%E#&'()-s
s93('10%E#&'()-s s&f10%E#&'()- s$10%E#&'()- s&`z 10%E#&'()- s
"10%E#&'()-xXU|[:vU410 s ss3y 10%E#&'()- s s`2`10%E#&'()- s s``0f
10%E#&'()- s&.10%E#&'()-  s-10%E#&'()- sLl+10%E#&'()- U|obU410
s&$10%X#&'()-10E#10E#10E#s sL?M10%E#&'()-3 s3:10%E#&'()- s`610%E#&'()-
sS5"10%E#&'()- z|[:bU410 s @#10%X#&'()- s@$10%!&'()-s $10% &'()- $10%!&'()-
s6$10%!&'()- o$10%X#&'()-THM|[:bU410 s sF:10%X#&'()- s ."10%&'()-s
."10%X#&'()- s@#10%X#&'()- @#10%,X#,&'()- s@#10%&'()-Mjklmy7vU410
?3"10%Yy!Y&'()- s$10%2#&'()- s10%2#&'()- s&$10%2#&'()-10X#10X#10X#
ss9?910%X#&'()- 7Z|[:vU410 ? s10%2#&'()-s s&10%2#&'()-s s&@ 10%2#&'()-s
ss10%2#&'()- s3"10%L&'()-  3"10%2#&'()-0'|[:vU410 ? sL10%2#&'()-s
sL4"10%2#&'()-s s9- 10%2#&'()-s s10%2#&'()- s&l10%2#&'()-
m"10%!&'()-']|[:vU410 ? s .310%2#&'()-s s` (@ 10%2#&'()-s sy&4"10%2#&'()-s
s&$10%2#&'()- sL@#`10%2#&'()- sL! 10%2#&'()-+/|[:vU410 ? sY:10%2#&'()-s
sF6"10%2#&'()- s s@5 10%2#&'()-s s3 10%2#&'()-  s110%2#&'()-
sLL010%2#&'()-+vU410 s10%#&'()-  s`$10%#&'()- s@10%#&'()-
s$10%#&'()-102#102#102# s`?`10%2#&'()- +b|[:vU410 s sl 10%#&'()-s s
10%#&'()-s s, 10%#&'()- s s  10%#&'()- sL10%#&'()- s 10%#&'()- 4*(|[:vU410
s s@ 10%#&'()-s sG10%#&'()-s sg 10%#&'()-s s`m10%#&'()- s10%#&'()- s
10%#&'()-(tt|[:vU410 s s9310%#&'()-s s9@2- 10%#&'()-s s&0 10%#&'()-s
s."10%#&'()-  sl(y 10%#&'()- s&"10%#&'()-\|obU410 s$10%X#&'()-10#10#10#s
sL?M10%#&'()-4s s:10%#&'()- s 7Z"10%#&'()- sy510%#&'()- bt|[:bU410 s
s10%X#&'()- s@ 10%X#&'()-s s"10%X#&'()- s s 10%X#&'()- s$10%X#&'()-
sS10%X#&'()-CXP|[:bU410 s s&, 10%X#&'()-  s& 10%X#&'()-s ss!10%X#&'()-s sly
10%X#&'()- ss!10%X#&'()- s @10%X#&'()-Pl|[:bU410 s sL.10%X#&'()-
s+"10%X#&'()-s +"10%# !#&'()-s `%10%?"?&'()-z s %10%,!&'()-z
s&!F10%X#&'()-'x}|[NA41010X#10X#10X# s9&?:10%X#&'()-3s s :10%X#&'()-s ss 7f
10%X#&'()- s`y5&10%X#&'()- s,210%X#&'()- =|[:NA41010 sy 10%X#&'()-
s"10%X#&'()- s sf 10%X#&'()-s s$10%X#&'()- sf10%X#&'()-
s$10%X#&'()-1|[:NA41010 s`10%X#&'()- s910%X#&'()-s sLY"10%X#&'()-s
dLS10%X#&'()-y LS10%&'()-y s 10%X#&'()-)uc|[:NA41010 sL-!10%X#&'()- s&&
10%X#&'()-s s&& 10%!&'()-s s % 10%X#&'()- sy#10%X#&'()- s!F
10%X#&'()-c]|[:NA41010 s :10%X#&'()- s` 710%X#&'()-s sy5"10%X#&'()- s s`3
10%X#&'()- s&@2@10%X#&'()- sL. 10%X#&'()-f*+,-9DRvU410 s 10%l#&'()-
s$10%l#&'()- s10%l#&'()- s$10%l#&'()-10X#10X#10X#
s9?`10%X#&'()-YC'z|[:vU410 s s10%l#&'()-s s-10%l#&'()-s s`10%l#&'()-s s
10%l#&'()- s- 10%l#&'()- sY10%l#&'()-z r/|[:vU410 s s 10%l#&'()-s
s10%l#&'()-s sF 



10%l#&'()-s s!10%l#&'()- sf 10%l#&'()-  s@ 10%l#&'()-/~,w|[:vU410 s
s&@#m10%l#&'()-s s!10%l#&'()- s s&  10%l#&'()-s s` 10%l#&'()- s!10%l#&'()-
s&Y10%l#&'()-gqi|[:vU410 s s- "10%l#&'()-s sLl+10%l#&'()-s s9) 10%l#&'()-s
s3( 10%l#&'()- s9&s10%l#&'()- s$!10%l#&'()-eG|[:vU410 s ss6y 10%l#&'()-s
s@5 10%l#&'()-s s`3310%l#&'()-s s`2 10%l#&'()- s``010%l#&'()-
s&.z10%l#&'()- vU410 s$10%#&'()- sf10%#&'()- sL$10%#&'()-10l#10l#10l#
sL?M10%l#&'()-3 s :10%l#&'()-?-|[:vU410 s s 10%#&'()-s s9 10%#&'()- s s
@10%#&'()-  s10%#&'()-  s3 10%#&'()-  sy10%#&'()- XL|[:vU410 s
s&!10%#&'()-s s@ 10%#&'()-s sL10%#&'()- sM!10%#&'()- s  10%#&'()-
sy!10%#&'()-6n|[:vU410 s ssL010%#&'()-s s&.10%#&'()-s s-10%#&'()- s&y&f
10%#&'()- s$"10%#&'()- s,#T10%#&'()-n+0MNOP|[NA41010#10#10#s s9?`10%#&'()-
s s :10%#&'()- s@5-10%#&'()- s`3 10%#&'()- sL1 10%#&'()-P\i|[:NA41010
f#10%!&'()-s f#10%&'()-s f#10%z&'()- f#10%/"&'()- hf#10%%2#%&'()-
s9$10%2#&'()-i_?\|[:NA41010 ,&"10%2#&'()-Ts ,&"10%2#&'()-Ts s"10% &'()-
"10%2#&'()- sf#10%&'()- f#10% !&'()-\5{|obU410 s$10%-"-&'()-102#102#102#s
sL>'10%2#&'()-  s33:10%2#&'()- ,&"10%!&'()-T sD,&"10%!&'()-TX|[:bU410 s
s`10%-"-&'()-  s`Y 10%-"-&'()- s s` 10%- -&'()- sLS- 10%-"-&'()-
s$s10%-"-&'()- s10%-"-&'()-X6|[:bU410 s sz 10%-"-&'()- sF "10%-"-&'()-s
sLST10%-"-&'()- s 10%-"-&'()-  s 10%-"-&'()-  sL`10%-"-&'()-h# :  |[:bU410
s s0L10%-"-&'()- s.s10%-"-&'()-s s' 10%-"-&'()- sY@&10%-"-&'()- sT
10%-"-&'()- sY&@ 10%-"-&'()-  $]|[:-410-"-s s>`10%-"-&'()-3 sY:10%-"-&'()-s
s6"10%-"-&'()- s510%-"-&'()- ss3 10%-"-&'()- s110%-"-&'()-Q bA410-"-s s
s10%l#&'()- s`$10%l#&'()- ss10%l#&'()- sS10%l#&'()-
s9$10%l#&'()-10-"-10-"-Q bh|[:A410-"-s sL10%l#&'()- s10%l#&'()-
sL10%l#&'()- 3S910%l#&'()-y . 3S910%&'()-y s10%x"&'()-=6|[:A410-"-s
+&"10%!&'()-y s "10%l#&'()-  "10%!&'()- ss10%l#&'()- s10%l#&'()-
s,)910%l#&'()-~ej|[NA41010l#10l#10l# s&?&10%l#&'()-  s:10%l#&'()-
&"10%O"O&'()-y s&"10%y&'()-y sf&"10%l#&'()-yW|[:NA41010 s& 10%z#z&'()- s@
10%z#z&'()- sS10%z#z&'()-  s$10%z#z&'()- s10%z#z&'()-
sL$10%z#z&'()-0*B2|[:NA41010 sy 10%z#z&'()- s10%z#z&'()-3 s10%z#z&'()-
sf10%z#z&'()- s 10%z#z&'()- s"10%z#z&'()- vU410 s10%8%&'()-
s10%8%&'()-10z#z10z#z10z#z s?s10%z#z&'()-3 s :10%z#z&'()-
ss10%z#z&'()-:I|[:vU410 s sy@10%8%&'()-s sz10%8%&'()- sf 10%8%&'()-
s`10%8%&'()- s10%8%&'()- s9$S10%8%&'()-SIn|[:vU410 s s10%8%&'()-s
s10%"&'()- sY10%8%&'()- s310%8%&'()- sy10%8%&'()- s@10%8%&'()-5=:|[:vU410 s
sl+10%8%&'()-s s9&10%8%&'()-T s&$ 10%8%&'()- sS#,10%8%&'()- s 10%8%&'()-
ss10%8%&'()-:D@{|[:vU410 s s9y810%8%&'()-s s`,510%8%&'()- s`110%8%&'()-
s`L0y10%8%&'()- .s$10%8%&'()- sL-10%8%&'()-DvU410 sF10%G!G&'()-
s,:10%G!G&'()- s%f10%G!G&'()-108%108%108% s&9?&10%8%&'()-  s:10%8%&'()-DG
V!!|[:vU410 s s,10%G!G&'()-s s,10%G!G&'()-s s,10%G!G&'()- s,10%G!G&'()- s,F
10%G!G&'()-f s@10%G!G&'()-!z"###H$$|[:vU410 s s@@/10%G!G&'()-Ss
s@*10%G!G&'()-s L`@f&10% ! &'()- s@f&10%G!G&'()- s`,10%G!G&'()-
s,10%G!G&'()-$%G%l%%%%%|[:-410G!Gs s910%G!G&'()-s sS810%G!G&'()-s s6
10%G!G&'()- s@,5S10%G!G&'()- s3 10%G!G&'()-
s@,210%G!G&'()-%%%%/&''{(bA410G!Gs s s`@10%3!3&'()- s@10%3!3&'()-
s@10%3!3&'()- s@10%3!3&'()-@ s%10%3!3&'()-10G!G10G!G{((()*N++|[:A410G!Gs
sf+10%3!3&'()- s`@10%3!3&'()-, s`@10%3!3&'()-, s`@10%3!3&'()-,
s@10%3!3&'()-, sS10%3!3&'()-++t,,,,,,zY8+4103!3 s@:10%3!3&'()--
sS`610%3!3&'()-- s,410%3!3&'()-- sS`310%3!3&'()--
sSs-10%3!3&'()-S-!L+Ss-10%&'()-S,,,,-.R.g.bA4103!3 s s,10%G!G&'()- L,f10% !
&'()- s,f10%G!G&'()- s,y10%G!G&'()-
s$10%G!G&'()-103!3103!3g..3/L//20w0{Z9A4103!3  s@,s10%G!G&'()-&
s,10%G!G&'()-S& Q,10%%!%&'()-f&!s,10%GG&'()-f sS10%G!G&'()-
s,S10%G!G&'()-fw0122333|[:A4103!3   [,`-10%/!/&'()-S s,`-10%G!G&'()-S
s,`-10%GG&'()-S s@s*10%G!G&'()- s,#10%G!G&'()- s,10%G!G&'()-34444444+5vU403
s10%ZZ&'()- s%,10%Z!Z&'()-10G!G10G!G10G!G s,:10%G!G&'()- s,710%G!G&'()-
s,L310%G!G&'()-+5567768_8|[:vU403 s sS10%ZTZ&'()-s s,S10%Z!Z&'()-f
s,10%Z!Z&'()- s,10%Z6Z&'()- s10%Z!Z&'()- s10%Z!Z&'()-_880993:a::|[:vU403 s
s@*10%Z!Z&'()-s s,'410%Z!Z&'()- s& 10%Z!Z&'()- s!10%Z!Z&'()- s,,
10%Z!Z&'()- sS10%Z!Z&'()-::z;;D<G<H<I<J<|[NA40310Z!Z10Z!Z10Z!Zs
s,:10%Z!Z&'()- s@`610%Z!Z&'()- s,s-10%Z!Z&'()- s,s-10%Z!Z&'()- s,,
10%Z!Z&'()-J<V<<<=g==|[:NA40310 s,10%Z!Z&'()-s V 10%=!=&'()-T s 10%Z$
Z&'()-T s10%Z!Z&'()- s  



10%Z!Z&'()- s$,10%Z!Z&'()-=4>>>>>E?|[:NA40310 s 10%Z!Z&'()-s sf10%Z!Z&'()-
sS10%Z!Z&'()- s,f10%Z!Z&'()- s  10%Z!Z&'()- s,10%Z!Z&'()-SE??;
@Y@\@||[:NA40310 s 10%Z!Z&'()-s sf10%Z!Z&'()- s@;10%Z!Z&'()- s, 10%Z!Z&'()-
s,@10%Z!Z&'()- s,S10%Z!Z&'()-S Normal" "Heading 13]c" "Heading 23]c"
"Heading 33]c" "Heading 43]c" "Heading 53]c" "Heading 63]c" "Heading 73]c"
"Heading 83]c" "Heading 93]c"A "Default Paragraph FontUl%^'C.6R;
D5KU^Shmx%l,O")1I9\=BDFHJLNPRTVXZ\^`bdfhjlnprtvxz|~&e",2:>
HNW-ajt}KzHtW@-=\@ $6*!m(w*j+,$.u/11934;
79:G<={>,@BDFGhJLN^NRSVXX[d]`acgi4kkkl
l<lTlxlllllmdopgrx{|T~2H8$HxgMxUM7'+(Pcz/nPi\X Q
I:D!$%{(+,g.w03+5_8:J<=E?\@   !"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~6Times
New RomanArialCourier New"h Root EntryWordDocumentT+
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~
!"#$%&'()*+,-./0123456789:;
<=>?@ABCDEFGHIJKLMNOPQRSTUVWXYZ[\]^_`abcdefghijklmnopqrstuvwxyz{|}~ 


