G AL PHASE LOCKED LOOP SYSTEM AND METHOD BACKGROUND [ 0001] Thi s di scl osure
is related to controlling an output signal with frequency and phase Pr sely
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noisy communication channel, or distribute clock timing pulses in digital logic designs such
as microprocessors. Traditionally, the PLL circuit has been an analog block, including the
basic components of a voltage control oscillator (VCO), phase and frequency detector (PFD),
charge pump, low pass filter (LPF) and a feedback path. However, such analog PLL circuits

comprise a plurality of capacitors which require a significantly large chip area. Additionally

these circuits are very sensitive to power noise.

[0003] More recently, PLL circuit design has evolved to a greater use of digital control.
The first generation digital PLL uses one external high frequency clock to sample the
reference clock, then generate the output clock by dividing or multiplying a certain number
according to requirement. The frequency of an external clock having accuracy required by
such PLL circuit is limited with respect to its capability for applying a sampling rate that can
accommodate high frequency reference clock signals. As this design can only be used in low
frequency applications, a hybridization of analog and digital elements has been pursued.
With such approach, chip area has not been significantly reduced, while performance is

markedly decreased.



structures. Performance capabilities, such as high DCO frequency range,
long tenn jitter control. |ow power consunption, low lock time, are highly
desirable. Such digital PLL circuit should enconpass a snmall chip area and
exenplify good performance. SUMVARY OF DI SCLOSURE [ 0005] The needs descri bed
above are fulfilled, at least in part, by use of a phase |ocked | oop
control systemconprising a digital controlled ring oscillator that is

controlled in respon npar.i son qf. osci ] | at or t pu th a.re ence
cl ock rel%9Pdq si@rﬁ‘&?‘f&H@e’E}%té%‘Hfa ‘ggléélggitl“aqmbﬁg?éls gﬁf‘ﬁtgéﬁ%\%@f’“ﬁﬁ% r. The
ring oscillator frequency may be adjusted through a conbingtion of varying
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oscillator output to be reset in a short tine and hence nmitigate the

effects i i out put cl ock. BRI EF DESCRI PTI ON OF DRAW NGS
100061Va§ém(h%bi$<}fg%ﬁg&i ments are illustrated by way of exanple, and
not by way of limtation, in the figures of the acconpanying draw ngs in
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100071Fig. | is a block diagramof a PLL systemin accordance wth one

enmbodi meify, OfonkBe sPi@s &@BpHLiag | Lelgital controlled ring oscillator that is controlled in
response to comparison of the oscillator output with a reference clock related signal, by use of
a digital phase and frequency detector. The ring oscillator frequency may be adjusted through a
combination of varying the number delay cells coupled to the loop and the amount of loading on
the cells. Phase adjustment can be obtained by selectively controlling the oscillator load during
each clock cycle, thereby providing great precision in tuning the oscillator output frequency. In
one embodiment, the basic ring oscillator circuit is made up of NAND gates thereby making it

possible for the oscillator output to be reset in a short time and hence mitigate the effects of any

drifts in the output clock.
BRIEF DESCRIPTION OF DRAWINGS

[0006] Various exemplary embodiments are illustrated by way of example, and not by
way of limitation, in the figures of the accompanying drawings in which like reference

numerals refer to similar elements and in which:

[0007] Fig. 1 is a block diagram of a PLL system in accordance with one embodiment of

the present disclosure;



for the PLL systemof Fig. |I; 100091Figs. 3A and 3B are logic cell \Wagrans
of an. exenplary inverter rinf, oscillator architecture and an exenpl ary
NAND ring oscillator architecture, respectively. [0010]Fig, 4 is a block

di agram of a digital phase and frequency detector represented in Fig. 1;
[001111Fig. 5 is a logic data flow chart for setting control signals
represented in Figs. and 2; 100121Fig. 6 is a waveform di agram exenplifying
PLL operation; [00131Figs. 7A and 7B are waveform di agrams representing

jitter qaagsiol e LheschlthatSrepRsdntftoa braR&XBhpIAR) digital controlled oscillator

for the PLL system of Fig. 1;

[0009] Figs. 3A and 3B are logic cell diagrams of an exemplary inverter ring oscillator

architecture and an exemplary NAND ring oscillator architecture, respectively.

[0010] Fig. 4 is a block diagram of a digital phase and frequency detector represented in
Fig. 1;
[0011] Fig. 5 is a logic data flow chart for setting control signals represented in Figs. 1

and 2;
[0012] Fig. 6 is a waveform diagram exemplifying PLL operation;

[0013] Figs. 7A and 7B are waveform diagrams representing jitter control when the PLL

is in locked operation;

[0014] Fig. 8 is a schematic diagram of a shift generator represented as “postc generator”

in Fig. 4; and

[0015] Fig. 9 is a graphical representation showing the DCO output clock frequency

range in various operating conditions.

DETAILED DISCLOSURE
[0016] A digital controlled oscillator is controlled in response to comparison of the
oscillator output with a reference clock related signal, by use of a digital phase and frequency

detector. The cycling rate of the oscillator output is counted, the count is reset after a



predetermined number of cycles, and the reset frequency is compared with the reference clock
related signal.

[0017] An input divider can be coupled to the reference clock input for dividing the
reference clock signal to one of a plurality of preset dividing rates. An output divider can be
coupled to the oscillator output for dividing the oscillator output signal to one of a plurality of
preset dividing rates. Each of the dividers may have a control input for selecting a respected
dividing rate.

[0018] The digital controlled oscillator comprises a plurality of decoder logic cells. A first
group of the decoder cells provide a relatively large signal delay; a second group of decoder
cells provide a relatively smaller delay. The basic delay cell of this ring oscillator comprise
NAND gates, which can totally reset DCO in a very short pulse. Logic load elements, having
control inputs, are included in the oscillator for fine adjustment of the oscillator output.

[0019] The digital detector comprises a control signal generator that can generate a
plurality of binary control signals respectively output to the plurality of decoder logic cells of
the oscillator. The control signal generator is responsive to the divided reference clock signal.
A first comparator input is coupled to the input divider, a second comparator input is coupled to
the counter, and the output of the comparator is coupled to the control signal generator. A first
input of a shift generator is coupled to the input divider and a second input of the shift
generator is coupled to the comparator output. The shift generator applies additional control
signals to the oscillator. The shift generator may comprise a plurality of flip-flops connected in

series, each flip-flop having an output coupled to a respective control input of the oscillator.



[0020]  The digital phase and frequency detector further comprises an asynchronous cycle
control generator having one input coupled to the oscillator output and another input coupled
to the divided reference clock signal. The control signal generator binary output control
signals are fixed to capture the frequency of the reference clock signal and the asynchronous
cycle control generator is responsive to the phase of the oscillator output signal relative to
the divided reference signal.

[0021]  Initially, a binary search can be performed during comparison of the divided
reference clock signal and oscillator feedback to determine the states of the various binary
control signals for the decoder logic cells and logic load elements. These binary control
signals adjust the frequency and phase of the oscillator output. Cycles of the oscillator
output signal are counted, cycle count reset after a predetermined number of cycles.
Comparison of the oscillator output with the divided reference clock signal is made at each
reset count. A lock detector is responsive to the dividing rates of the input divider and
output divider to generate a lock output signal. If a change in the dividing rates of either the
input divider or output divider has been detected, an unlock generator will output a reset
signal to reinitiate the binary search.

[0022]  The PLL system, shown in block diagram in Fig. 1, receives a reference clock
input signal “clkin” and produces an output signal “clkout.” The PLL circuit comprises
modules which are purely composed of logic components, with no capacitors, resistors, or
other analog components. Divider 12 receives input clock signal “clkin” and divides its
frequency by 2DR to produce an output clock signal “clk2r” having a duty cycle of 50%. In
Fig. 1, the value of DR may vary between 1 to 15, as set by input DR. Output clock signal

“clk2r” is coupled to an input of digital phase and frequency detector (DPFD) 14. DPFD 14
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produces binary control signals that are received by digital controlled oscillator (DCO) 16.
An optional output clock divider 18 can be used to receive DCO output signal “dco_out” and
generate an output clock signal with a lower frequency. The output divider value can be set,
for example, at 1, 2, 4, 8, by input DP. An input of counter 20 is coupled to the output of
DCO 16. Output “clkf’of counter 20 is applied to DPFD 14. DCO output signal “dco_out” is
also coupled to another input of DPFD 14. Divider 12 also generates an output enable DCO
output signal “dco_out” signal “Dco_en” that is used to reset the DCO and counter(F) at the
beginning of each clk2r cycle.

[0023] During operation, DPFD 14 will detect whether the DCO output clock frequency
dco out is higher or lower than expected by comparing the clk2r signal with a clkf output
signal from counter 20. If the DCO output clock signal dco_out is not within an acceptable
range, the DPFD 14 generates digital control signals ¢, asc and postc which are used to
increase or decrease the DCO output clock frequency. Control signals ¢, asc and postc are in
the form of binary numbers. In the exemplary embodiment of Fig. 1, ¢ consists of 14 binary
characters ¢[0] to c[13], asc consist of a single binary character while post ¢ has six characters
postc[0] to postc[5]. DCO: Digital Control Oscillator. A ring oscillator, by digitally changing
the delay of the ring oscillator loop based on the values of ¢, asc and postc, the DCO output
clock frequency can be adjusted.

[0024] When input signal “pll en” turns high, the PLL system in Fig. 1 will start to
oscillate. Divider 12 divides input clock signal clkin by 2DR to produce an output clock
signal clk2r with a 50% duty cycle clock. Clock signal clk2r is fed to the DPFD 14. The

dco_en signal generated by divider 12 is a very small pulse (for example, around 200ps) that



occurs just before the rising edge of clk2r. The dco_en signal is used to reset DCO 16 and
Counter 20 at the beginning of every clk2r cycle.

[0025] The DCO output dco_out is a high frequency signal that is used as the clock of
counter 20. Counter 20 will start to count from 0 at the beginning of every clk2r cycle. When
the count arrives at DF[7:0], the counter’s output clkf will turn high. DF[7:0] is an 8 character
user defined binary number. As shown in Fig. 6, output signal dco_en from divider 12resets
clkf to low at the rising edge of a clk2r clock cycle.

[0026] At each falling edge of “clk2r”, DPFD 14 will detect whether clkf is high or low.
If clkf is high, this means that the DCO output clock frequency is higher than expected. If
clkf is low, this means that the DCO output clock frequency is lower than expected. If the
DCO output clock frequency is higher or lower than expected, DPFD 14 will adjust the digital
control bits c[13:0], asc, postc[5:0] accordingly, which will make the DCO output frequency
change until, in a certain clk2r cycle, the clk2r falling edge and the clkf rising edge are
perfectly matched. In that condition, the DCO output clock dco out frequency will be equal
to DF/DR times the frequency of clkin. The frequency of the output divider 18 clock “pll clk”
will be equal to (DF/DR)/ 2P® times of the frequency of “clkin”. The PLL output “clkout” is
generated by multiplexer 22, A “bypass” signal is used to control multiplexer 22 to select
whether the its pll_clk input or its clkin input is provided as the PLL output clkout signal.
[0027] Fig. 2 is a detailed schematic of a DCO 16 which may be used in the PLL circuit
of Fig. 1. DCO 16 is a ring oscillator used to generate the frequency adjustable output clock.
Although this DCO is completely composed of logic cells, it is designed to tune some of the

transistor parameters. In general, the frequency of the DCO may be tuned by selecting the



[0027]Fig. 2 is a detailed schematic of a DCO 16 which may he used in the
P11 circuit of Fig. 1. DCO 16 is a ring oscillator used to generate the
frequency adjustabl e output clock. Although this DCOis conpletely conposed
of logic cells, it is designed to tune sonme of the transistor paraneters.
In general, the frequency of the DCO nay be tuned by selecting the nunber
of delay cells to be included inseillato and varying the anmount of del ay
cell load, Suc esi kes it possible to obtain wi der frequ range
and bet t @mnbeéggri Y 6ls tere g et o B n@&%ﬂﬂ%ﬁap SR AmeY PEfeIdy “é’ﬁal are
used to change the nunber of delay cells included in the ring oscjllator,
whi | e t hivagy %@gh desigy oralas it pespikln Epokiaint wider Seqysegy @pee ardbetich replHegR t he
delay cell's |l oad. 100281NAND gates 30 (only sonic of which are represented
by ref er Ehcealmesrod Gl 3 19]nfrarh ¢hedy comirnlgsgnahiaws userk chgngettbe hembas of delay cdlsl | s

for the ring oscillator. In Fig. 2, an odd nunber of NAND basic delay cells
ar e usedinklndédinmtht hiag badilators eihile dteomlues nf Cud]dtdno the cSpatof sigrnal brg usedhten
c[13:10] are all 0O, N, N2, N3, N4, N8, N9, N13 nmake up the ring
oseiIIatgm&gegwumgykargmmnjne in FIG 2). An advantage of using NAND gate
basic delay cells Is that it enables the DCO to be di sabled and reset
within a very short tinme. This prevents any jitter from accunulati.ng to the
next Aar ltwély e, NAOD gaigsitientyapmg of shiskisgrepagiieddniiefasnce pumerdls i Bgnpl e,

a very short negative pul se (around 200ps) at the beginning of clk2r cycle
on "dco_eénwingghareoagsl astthe hasicedalay qeHe fapdie ting escilistpninInsFigt & qn\efd pumppr=f,

WB=1, WI=0, WB= 1, 1A/ 9=0,1\93=1) so that any jitter will not accunulate to

t he next NANR2basiydélay cel atdesed tdform tlamlehsiciringj asvilatoecanfigeration.oSpasificsyl as
the basic delay cell, the "EN' pulse width nust |arge than the whole | oop
del ay, owhet ¢f13g0] e 41l OgNOSKR,| N4, & IMNDIN X mnke Gy dia ingdowiltatefsad theaf t er
"EN' pulse, as illustrated in Figs, 3A and 3B. Figs. 3A and 3B are logic

cel | di agfiaeli@FIGRY EALQAvAnkddE 066hd NANIY gk BhNid @gdyidedls andatNOdblch g
oscillator architecture, respee [0029] There are 3 LDCs (Large Delay Cells)

32 in DCRAPE beallsddedS L Rs&dwitRinPe very short time. This prevents any jitter from
accumulating to the next clk2r cycle, thus substantially reducing long term jitter. For
example, a very short negative pulse (around 200ps) at the beginning of clk2r cycle on
“dco_en” can completely reset the DCO to a known state (Wl=1, W2=0, W3=I,
W4=0,W8=1,W9=0,W13=1) so that any jitter will not accumulate to the next clk2r cycle. On
the other hand, if inverters were to be used as the basic delay cell, the “EN” pulse width must
larger than the whole loop delay, otherwise the ring oscillator cannot start from a known state

after “EN” pulse, as illustrated in Figs. 3A and 3B. Figs. 3A and 3B are logic cell diagrams

for inverter ring oscillator architecture and NAND ring oscillator architecture, respectively.

[0029] There are 3 LDCs (Large Delay Cells) 32 in DCO that can be selected to be
included in the ring. Control signals c[13:12] control how many LDCs are included in the
ring. Depending on the c[13:12] combination (2°b00: 0, 2°b01:1, 2’b10:2, 2°b11:3), one or

more of the LDCs may be included in the ring or all three LDCs may be excluded. The DCO



included in the ring. Control signals c[13:12] control how many IDCs 'are
included in the ring. Depending on the c[13:12] conbination (2'b00O O,
2'b01:1, 2'1310:2, 2'bl 1:3), one or nore of the LDCs may be included in
the ring or all three LDCs may be excluded. The DCO al so includes 3 SDCs
(Small Delay Cells) 34 that can he selected to be included in the ring.
Control signals 411:101 control how many SDCs are included in the ring.
Dependi ng on the 411:10] conbination (2'h00: 0, 2°hd :1, 2'bi 0:2,

2'bi1l:3 L.NGC j [ th
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si gnal dvdleded ipgheorngsqyialldhres SDGaimay kehrxslyded Mith gifferas nynberspl LRE's pad o
certain value, which will also make the period of the ring oscillator
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41: 01, poste[5: us change t he | oad of NI3 so as to change period
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t he DCO out put cl ock period change becones smaller and smaller. To neet the
r equi r erséh6]. offorecapli frad ell, slbamﬁro sigaal\wsiightonfosswitalg off] willschergeathe, laag of uned.
Controls "postc[5:0]" and "use" are also delay cell |oad control pins.
Cont r ol Nis &2, NUuged cdrain eated, eviddntvilbhlso anlie pesperioB:od]theé sngiesdlladtaroutpuput
clock jitter tolerance after the PLL is | ocked. 100321The 6 AND cells 36
ci rcl ed ddtkkh8ageZicadr@ing5e O theHatput bf NN pats &8, aekd sreseadazlls (ODLS, DL4,

DL3, DL2) connected in accordance with control signals c[5:2]. Switching on or off c[5:2]

separately will change the load of N8 so as to change period of the ring oscillator output

clock. On the output of NAND4, gate N13, there are also load cells (DL1, DLO, DLA)

connected in accordance with control signals c[1:0], postc[5:0], asc. Switching on or off

¢[1:0], postc[5:0], asc, will change the load of N13 so as to change period of the ring

oscillator output clock.

[0031] From ¢[13] to ¢[0], the weight on the DCO output clock period change becomes
smaller and smaller. To meet the requirement of a binary search, the weight for c¢[13:0] is
carefully tuned. Controls “postc[5:0]” and “asc” are also delay cell load control pins. Control
asc is used for cycle control, and postc[5:0] is used for input clock jitter tolerance after the

PLL is locked.



[0032] The 6 AND cells of the LDC and SDC decoders circled in Fig. 2 are used to
switch off unused cells so as to avoid unnecessary power consumption when DCO is
oscillating. These cells server to remove glitch and assure that the whole loop is not blocked
upon start DCO oscillation. Two signals “dco_en w” and “dco_en n” will be generated by
the AND cells 36 from dco_en. Signal dco en_w as a pulse turns low ahead of dco_en n and
turns high behind dco en n. Signal dco_en w is connected to NAND gate N1, while signal
dco_en n is connected to other NAND gates in the loop. Thus it output clock glitch can be
removed to make sure when DCO starts to oscillate that the whole loop is not blocked.

[0033] Fig. 4 is a detailed schematic of a DPFD which may be used in the PLL circuit of
Fig. 1. The DPFD receives input signals dco_out from the DCO, clk2r from divider 12R, clkf
from counter 20, and rstn. These signals are coupled to, or interact with, the following circuit
modules in DPFD 14.

[0034] A plus num generator 40 generates the signal plus num([3:0] which helps to
determine for every twelve dco out cycles how many dco_out cycles asc is to be set at a
I’logic state. An asc generator 42 generates output signal “asc” for DCO 16. A c generator
44 generates output signal ¢[13:0] for DCO 16. A postc generator 46 generates output signal
postc[5:0] for DCO 16. A ud generator 48 generates the signals uda and ud postc, which are
indicative of whether the DCO 16 is to oscillate faster or slower. A lock detector 50 detects
whether the PLL is locked. An unlock detector 52 detect whether or not the PLL lock is lost.
[0035] The ud generator 48 module checks if clkf is high or low at each falling edge of
the clk2r signal. If clkf is high, output signal uda from the ud generator 48 will be a logic ‘1’

state, otherwise uda will be a logic ‘0’ state. The uda signal is fed to the c generator 44, which

10



generates values for the c[13:0] binary output string based on the uda value at each clk2r
cycle after pll_en is enabled (switched to high).

[0036] Operation is explained more particularly with respect to the data flow chart of Fig.
5 and the waveforms shown in Fig. 6. The ¢ generator 44 uses a binary search to determine
the values for c[13:0] and to achieve a fast lock. When binary search is initiated, c¢[13:0] and
c_ready are both set to a logic state 0, at step 100 in Fig. 4. These states are illustrated in the
waveform depiction of Fig. 5. At the next rising edge of clk2r, c[13] is set to logic state 1 at
step 102. At the falling edge of clk2r, the uda generator 48 will update its value. Step 104 is
a logic decision block for the value of uda. At the next rising edge of clk2r, if uda is at a logic
state 1, signal c[13] is fixed to logic state 1. If not, c[13] is fixed to logic state 0 as step 106.
At the same time, signal c[12] is set to logic state 1. Step 108 is a logic decision block to
determine whether N is equal to zero, indicating that the search has progressed through all ¢
signal settings. If not, N is decremented by 1 at step 110 and the data flow reverts to step 102.
The steps are repeated to fix the value for c[12] and the remaining c[11:0] until c[0] is fixed
as determined at step 108. At this point ¢_ready will be turned high by c generator 44 at step
112. From c[13] to ¢[0], each control pin has a different weight for adjusting the DCO output
clock period, ¢[13] having the largest and c[0] the smallest. Step 114 is a logic decision block
to determine whether the PLL is locked for the values of ¢ obtained in the binary search. If
the system is not unlocked, the flow returns to step 108. If a determination is made that the
system is unlocked, unlock detector 52 issues a reset signal to return the flow to step 100.
[0037] In theory, the weight of signal c[12] should be equal to 50% of signal c[13], the
weight of signal c[11] should be equal to 50% of signal c[12], and so on, so that the weight of

signal c[0] will be equal to 1/2'* that of ¢[13], around 0.012%. Extreme accuracy would
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thereby be provided. However, considering that there may be process variations, temperature
variations, and voltage variations, the actual ratio may not exactly equal to 50%. The ratio
can be adjusted slightly higher to assure that such variations are not detrimental. The
following table shows possible different weights for ¢[13] to c[0](unit: ps): c[13] - 640, c[12]
- 321, c[11] - 185, c[10] - 94.7, c[9] - 49.3, c[8] - 29.3, c[7] - 18.4, c[6] - 11.2, c[5] - 7.86,
c[4] - 5.66, c[3] - 4.14, c[2]-2.69, c[1]-2.13, c[0] - 1.41.

[0038] After the value of “c[13:0]” is fixed, a coarse capturing of the expected frequency
is established. However, this frequency is still not sufficiently accurate and further tuning has
to be done. Although the DCO can be designed such that changing the value of “c[0]” allows
an adjustment of as small as 1.4ps to be applied to the DCO output clock cycle time, a 1.4ps
tuning accuracy provided by the ¢ control signal is still insufficient. This is because jitter is
multiplied after passing through the feedback counter Counter(F) and can be accumulated to
cause a jitter of 2*DF*1.4ps at the last dco out cycle within a clk2r period. A jitter of
2*DF*1.4ps is quite significant.

[0039] To reduce or eliminate DCO output clock jitter, cycle control is effected in the
following manner. When the PLL is locked, one period of clk2r Teikor is equal to 2*DF times
of each dco out period, Tdaco. Assuming that c[0] switched off, that is, its associated DLO
shown in the Fig. 2 DCO is deactivated and does not load the DCO ring oscillator, the first
2*DF-1 dco_out cycles will each have a period of Taco-1.4ps. Since dco_en sets dco_out to
‘0’ at its falling edge and rising edge of clk2r, 2*DF cycles of dco_out will have to be fitted
into one clk2r period. Therefore, the period of the last cycle of dco out will be

Tied=Teik2r — (2*DF-1)(Tdco-1.4ps)
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[0040] As shown in FIG. 7A, the period of this last dco_out cycle is longer compared to
the other 2*DF-1 cycles before it and the difference can correspond to a jitter of 2*DF*1.4ps
Tied - (Tdeo-1.4ps) = Tewkar — (2¥DF-1)(Tdco-1.4ps) — (Tdco-1.4ps)

= 2*DF* Tdco— (2*DF-1)(Tdco-1.4ps) — (Tdco-1.4ps)

=2*DF*1.4ps
[0041] Similarly, if ¢[0] is switched on, an accumulated jitter of 2*DF*1.4ps will also be
present in the last dco_out cycle but the period of this last cycle will be shorter compared to
the other 2*DF-1 cycles before it. Since the load cell associated with c[0] is already very
small in size, there is little room for accuracy improvement through device shrinkage and as
such alternative methods of addressing the jitter method has to be deployed.
[0042] A new method, called cycle control, is used to reduce the DCO output clock jitter.
In general terms, cycle control involves adjusting the “dco_out” time period of some cycles
within a single clk2r time period in response to feedback from the “ud generator” as to
whether the dco_out frequency is faster or slower than the target value. Therefore, unlike the
c[13:0] control signals produced by the “c_generator” where the settings within a single clk2r
cycle are not modified, the load settings applied to the DCO can be varied within a clk2r
period by having the “asc” signal take on different values within a single clk2r cycle. This
allows for greater precision in tuning the DCO to the required frequency.
[0043] The signal responsible for reducing the DCO output “clock jitter is the output
signal asc generated by the asc generator module 42 shown in Fig. 4. asc follows the clock of
dco out which has a higher frequency compared to the frequency of clk2r that c[13] to c[0]
follow. In this way, multiple changes in the asc value may be made within one clk2r period.

When asc is switched on , the period of each DCO output clock cycle will be increased by a
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dco out cycles each (other nunbers may al so be suitable). The value of the
AusLnuin[3:0] input sigial.(which is a binary string) determ nes the nunber
of dco_out cycles within each subset of 12 for which asc is equal to high.

The plus nun generator nodule 40 in Fig. 4 generates the plus_num [ 3: 0]

signal at the rising edge of the ellc2r signal. if uda is equal to 'I' at
the clk2r rising edge, plus urn[3:0i wll increase by |, which neans that
ase will be ' for an additional deo_out cycle w thin each subset of 12,

ot her wi sBxgsl amoust g2325] asvihe Dlefe kaad disd toytheasopighgls agivated thusetlowing downag

di scussed above, a uda value of '1' indicates that the dcoput clock is fast
whi | e a tiediagwatiligonfOnthernther hrrd whiennsd is swischefl o, DTHep deasiivated pral there

adj ustnment is based on the uda generator indication as to whether deo.. out

i s fast sBmoskdmatmdnOtddq. Refer ciklg cyudey theve tle@*BXaloplomt cyrlds . weiB; asatté € shows
the application of cycle control, uda is O at the rising edge of the first

ci k2r cygl £ cértainptaent! Ffdeo_duiekeltgraad sasascits ‘O @hoth@rdcd_elg @yeled, thacthes.
Meanwhile, uda is | at the rising edge of the second el k2r cycle,

t her ef or gcuulafe jiteer H e QIO cycl8 &Rl BSISighiViEAnRS defO4@) Assum ng that the
deo_out cyclescl’k2r period is grouped into Subsets eonptising 12 dco_out

cycles each and any adjustnent to a dco_out cycle is 2ps, the maxi mum
jitter nipdde rebicdy_ow qelepmithin a pldr pgriagsis mEpupge o swsets sPmprping 125
because the dco_put cycle is adjusted by 2*DF/ 12 tinmes within a clk2r
peri od wienowl aysles anhn(otigr nembers amayedso be swithble). THee valng ofitine jplust sym(Gf0]di m_
out happens at the | ast dco_put cycle of each el k2r period. 100471After the
bi nary smpuicdignat.(which B@]a Biheryf dteieg), defermines tHeamiued) of te_owtcdyeles ovithirokach
subset of 12 for which asc is equal to high. The plus_num generator module 40 in Fig. 4
generates the plus_num[3:0] signal at the rising edge of the clk2r signal. If uda is equal to ‘1’
at the clk2r rising edge, plus num([3:0] will increase by 1, which means that asc will be ‘1° for
an additional dco_out cycle within each subset of 12, otherwise plus_num[3:0] will decrease
by 1 within each subset of 12. As discussed above, a uda value of ‘1’ indicates that the

dco_out clock is fast while a uda value of 0 indicates that it is slow. Therefore, the asc

adjustment is based on the uda generator indication as to whether dco_out is fast or slow.

[0045] Referring now to the example in Fig. 7B, which shows the application of cycle
control, uda is 0 at the rising edge of the first clk2r cycle from the left, therefore, asc is high
for 6 dco_out cycles. Meanwhile, uda is 1 at the rising edge of the second clk2r cycle,

therefore, asc is high for 7 dco_out cycles.

[0046] Assuming that the dco_out cycles within a clk2r period is grouped into subsets
comprising 12 dco_out cycles each and any adjustment to a dco_out cycle is 2ps, the
maximum jitter may be reduced to (2*¥*DF/12)*2ps by using cycle control. This is because the

dco_out cycle is adjusted by 2*DF/12 times within a clk2r period when plus_num value
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changes in value. The maximum jitter of dco_out happens at the last dco_out cycle of each
clk2r period.

[0047] After the binary search, ¢[13:0] are fixed, the cycle control procedure is initiated.
The module lock detector 50 will then detect whether the uda signal will toggle between logic
states (0->1, or 1->0) at every clk2r cycle. If uda toggles to the opposite value for three
continuous clk2r cycles, lock detector 52 will generate a logic high lock signal, which
indicates that the PLL system is locked. If, thereafter, the reference input clock frequency, the
input divider rate DR, or the counter number setting DF is changed, the module unlock
detector 52 will detect whether the skew of clk2r and clkf is larger than the threshold delay. If
so, a short positive pulse unlockt rst will be generated to reset the PLL system. The lock
signal returns to the low logic state, and the PLL system will restart the binary search
procedure to again fix the c[13:0] signals. The system can again attain the locked state in a
maximum of twenty five divided reference clock cycles (clk2r).

[0048] While the PPL system is in the locked state, the postc generator module 46 is
operative to increase the input clock jitter tolerance. The function of the postc generator
module is to increase the PLL’s tolerance to input clock jitter by generating an binary output
signal postc[5:0] which is fed into the DCO and used to make minor adjustments to the DCO
frequency so that it can track the input clock frequency, clkin.

[0049] In the present described embodiment, postc[5:0] is a 6 digit binary string. As
shown in the DCO schematic in Fig. 2, each digit in the postc[5:0] binary string is associated
with a respective digital load DL0O. A ‘0’ value deactivates the associated load cell while a
“1” wvalue activates it. The value of the is changeable based on the value of the

ud_postc[1:0] signal fed into the postc generator from the ud generator. The value of the
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i kpostc[1l:0] =21301, the poste[0] to postc[51 chain is shifted to the right
and the leftnost output in Fig. 8 poste[0] is set to 1. Therefore, if
postc[0:5] initially has a reset value of 111000, Ud postc[1l:01=2" b0l w Il
result in a new postc[0:5] of 111100. On the other hand, when

Il d_postc=2'Db10, the postc[0O] to postc[5] chain is shifted to the left and
t he ost output in FIG 8 postc[5] is set to 0. Therefore, a po
te[0:5] with an original value of 111000, wil| be changed to 110000. When
Ud_post ced'pegold :Grsignal i |turnt asied basednen dlivapeybingionoeft plpgngm(3:0] and uda. g g,
9 is a graphical representati on show ng the DCO output clock frequenc
range at Whepipbal nwaSd)] cheds tockib ) ldnehdnotags ‘@ athen EIEOStc[édl]eNiH)betmlngI range
for all PVT coners: 0.885GH7,-1.869CEl z. Best case PVT corner: -4001.1V/FT.
Typi cal ¢fse nEMB:@0nsgnals 26 @HO0OY) dnll. “udar st < Baten PUd_postced]” vlilSe Db98)/ SS,
[0052] I n sunmary, the disclosed digital Rk systemis achieves good

per f onuagihevivd) h@ peSEU YT REl1 BERb08Mehkreedié, At BpBSIbION Rty € lbadikgToe the

adj ust, delay cell |oad adjust and cycle control are perfornmed to digitally

control Hey MEDINBHIANE YelkcR aAR¥Ehe DOW AR fEJRAYSRAGYspohRNE Snpik LIS iR er
jitter thgﬁ) exi stci ng PK, grraa{lnglerre%ts. The u%eg‘%ﬁli nasrp;) sear cﬁ#ti g jt?g‘!:ed to

achi eve r the PLL is | ocked, a shift scan chain is used
bARKEP Rl RAC) b

to trace ere equency change so as to get better input clock
jitter tolerance. This PLL system uses NAND gates as the basic delay cells,
whi ch caf0oosoy al | Figdi8sabi eclamuhtic ediegraidCel i npoatev gangraginoint adcordencet weth edme
avoiding jitter accunulation to the next reference clock cycle. Stable DCO
osci | | at e@Bodimeftr O thdediscldsare. eShelostc gehcate iexabipliectidnat kiiftdilmdl odert
enbodi ment, the PLL can be been silicon validated using d obal Foundries

65t UNG PP GREE}1:6]IEuRtko S5iS]1 AREHerRRE SHIARNAiR EhifYeot therightBirllefe Iop eRdr@sy, DCO
frequency could range in 900NlHz-1.8diz in all PVT coners, Wen DCO

frequencyat Iﬂdb?(?té[}ﬁmiﬂ*ﬁ)l‘{‘%ghpgc[@w% g,g;tf[isf cﬁaigthi%te@%tﬁéhggt 8 YeOne

1,]9V power isup s PLL co can | ocked very fast in di vi ded
crock 7 FREHSE N Puf S R o pirde RO R e P
Fow oxand! ooBp PR talrri M SR s Y dblodl SobTRG: 'Fhat bl on
capabl o Binaiigeb roHod e A BTl PHRRcL e TR0 ADT 1ef Gafife
concept as ex.pressed herein. For exanple, it is within contenplation that
equi val erightinsgi eutpit dnEKE- 3 pesteldles seipe O tTewépre.crpaststisel Wikl ap pegigal value

of 111000, will be changed to 110000. When Ud_postc=2"b00 or 2°b11, there is no change in

postc[0:5].

[0051] Fig. 9 is a graphical representation showing the DCO output clock frequency
range at typical case, best case and worst case DCO frequency tuning range for all PVT
comers: 0.885GHz~1.869GHz. Best case PVT corner: -40C/1.1V/FF. Typical case PVT

corner: 25C/1.0V/TT. Worst case PVT corner: 125C/0.9V/SS.

[0052] In summary, the disclosed digital PLL system is achieves good performance while
occupying very small chip area. Delay cell number adjust, delay cell load adjust and cycle

control are performed to digitally control the DCO frequency to cover a wider frequency
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range with smaller jitter than existing PLL arrangements. The binary search is used to
achieve fastest lock. After the PLL is locked, a shift scan chain is used to trace the
reference frequency change so as to get better input clock jitter tolerance. This PLL
system uses NAND gates as the basic delay cells, which can totally disable and reset
DCO in a very short time, thereby avoiding jitter accumulation to the next reference
clock cycle. Stable DCO oscillation is provided. For example, in one example of the
disclosed embodiment, the PLL can be been silicon validated using Global Foundries
65nmG process, the PPL uses only 5255um’ (or 3% the a PLL chip area). DCO
frequency could range in 900MHz~1.8GHz in all PVT corners. When DCO frequency at
1.8GHz, the working current is around 1.0mA using only one 1.0V power supply. This
PLL could can be locked very fast in 50 divided reference clock cycle (Sus @10MHz
divided reference clock), and its output clock jitter is smaller than 40ps.

[0053] In this disclosure there are shown and described only preferred embodiments
of the invention and but a few examples of its versatility. It is to be understood that the
invention is capable of use in various other combinations and environments and is
capable of changes or modifications within the scope of the inventive concept as
expressed herein. For example, it is within contemplation that equivalent logic elements

can be substituted for those described.
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WHAT IS CLAIMED IS:

1. A phase locked loop control system comprising:
a reference clock input for receiving a reference clock signal;
a digital controlled oscillator configured to output an adjustable clock signal;
a digital detector coupled between the reference clock input and an input of the
controlled oscillator, the detector coupled to an output of the oscillator and configured
for applying control signals to the oscillator for setting output operating signal frequency
in accordance with detected frequency of the oscillator output clock signal; and
a counter coupled to the oscillator output; wherein:
the digital detector comprises a control signal generator configured to generate a plurality
of binary control signals respectively output at a plurality of control signal generator
output terminals, a comparator having a first comparator input coupled to the reference
clock input, a second comparator input coupled to the counter, and a comparator output
coupled to the control signal generator; and
the oscillator comprises a plurality of decoder logic cells having inputs respectively
coupled to the control signal generator output terminals;
wherein the phase of the output signal is selectively adjusted by the digital detector

control signals during each input clock cycle.

2. A phase locked loop control system as recited in claim 1, wherein the control signal

generator is responsive to the divided reference clock signal.
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3. A phase locked loop control system comprising:

a reference clock input for receiving a reference clock signal;

a digital controlled oscillator configured to output an adjustable clock signal;

an input divider coupled to the reference clock input for dividing the reference clock
signal to one of a plurality of preset dividing rates; and

an output divider coupled to the oscillator output for dividing the oscillator output signal
to one of a plurality of preset dividing rates; and

a digital detector coupled between the reference clock input and an input of the
controlled oscillator, the detector coupled to an output of the oscillator and configured
for applying control signals to the oscillator for setting output operating signal frequency
in accordance with detected frequency of the oscillator output clock signal;

wherein the phase of the output signal is selectively adjusted by the digital detector
control signals during each input clock cycle;

the digital detector comprises a control signal generator configured to generate a plurality
of binary control signals respectively output at a plurality of control signal generator
output terminals; and

the oscillator comprises a plurality of decoder logic cells having inputs respectively
coupled to the control signal generator output terminals;

and further comprising a counter coupled to the oscillator output;

wherein the digital detector comprises a comparator having a first comparator input
coupled to the input divider, a second comparator input coupled to the counter, and a

comparator output coupled to the control signal generator.
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4. A phase locked loop control system as recited in claim 3, wherein the input divider
comprises a control input for selecting a dividing rate for the received reference clock signal and

the output divider comprises a control input for selecting a dividing rate for the output signal.

5. A phase locked loop control system as recited in claim 3, wherein the digital detector
further comprises a shift generator having a first input coupled to the input divider and a second

input coupled to the comparator and an output coupled to the oscillator.

6. A phase locked loop control system as recited in claim 5, wherein the shift generator
comprises a plurality of flip-flops connected in series, each flip-flop having an output coupled to

a respective control input of the oscillator.

7. A phase locked loop control system comprising:

a reference clock input for receiving a reference clock signal;

a digital controlled oscillator configured to output an adjustable clock signal;

an input divider coupled to the reference clock input for dividing the reference clock
signal to one of a plurality of preset dividing rates; and

an output divider coupled to the oscillator output for dividing the oscillator output signal
to one of a plurality of preset dividing rates; and

a digital detector coupled between the reference clock input and an input of the
controlled oscillator, the detector coupled to an output of the oscillator and configured
for applying control signals to the oscillator for setting output operating signal frequency

in accordance with detected frequency of the oscillator output clock signal;
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wherein the phase of the output signal is selectively adjusted by the digital detector
control signals during each input clock cycle;

the digital detector comprises a control signal generator configured to generate a plurality
of binary control signals respectively output at a plurality of control signal generator
output terminals; and

the oscillator comprises a plurality of decoder logic cells having inputs respectively
coupled to the control signal generator output terminals;

and wherein the plurality of decoder logic cells comprises a first group of large delay

cells and a second decoder group of small delay cells.

8. A phase locked loop control system as recited in claim 7, wherein the DCO comprise

NAND gates as its basic delay cell.

9. A phase locked loop control system as recited in claim 7, wherein the oscillator
further comprises a plurality of logic load elements having inputs respectively connected to
output terminals of the control signal generator;

wherein the logic elements are coupled to the detector for receiving the control signals for

adjusting the phase of the output signal.

10. A phase locked loop control system comprising:

a reference clock input for receiving a reference clock signal;

a digital controlled oscillator configured to output an adjustable clock signal;

an input divider coupled to the reference clock input for dividing the reference clock

signal to one of a plurality of preset dividing rates; and
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an output divider coupled to the oscillator output for dividing the oscillator output signal
to one of a plurality of preset dividing rates; and

a digital detector coupled between the reference clock input and an input of the
controlled oscillator, the detector coupled to an output of the oscillator and configured
for applying control signals to the oscillator for setting output operating signal frequency
in accordance with detected frequency of the oscillator output clock signal;

wherein the phase of the output signal is selectively adjusted by the digital detector
control signals during each input clock cycle;

the digital detector comprises a control signal generator configured to generate a plurality
of binary control signals respectively output at a plurality of control signal generator
output terminals; and

the oscillator comprises a plurality of decoder logic cells having inputs respectively
coupled to the control signal generator output terminals;

and wherein the wherein the digital detector further comprises an asynchronous cycle
control generator having an input coupled to the oscillator output signal; and

wherein the control signal generator binary output control signals are fixed to capture the
frequency of the reference clock signal and the asynchronous cycle control generator is
responsive to the phase of the oscillator output signal relative to the divided reference

signal.

11. A phase locked loop control system as recited in claim 10, wherein the digital
detector further comprises a lock detector responsive to the dividing rates of the input divider

and output divider to generate a lock output signal.
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12. A phase locked loop control system as recited in claim 11, wherein the digital
detector further comprises an unlock generator for outputting a reset signal in response to the
lock output signal if a change in the dividing rates of either the input divider or output divider

has been detected by the lock detector.
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