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DIGITAL PHASE-LOCKED LOOP CIRCUIT 
WITH REDUCED PHASE JITTER 

FREQUENCY 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not applicable. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

Not applicable. 

BACKGROUND OF THE INVENTION 

This invention is in the field of integrated circuits, and is 
more specifically directed to circuitry for Synchronizing 
clocked integrated circuits with an external clock. 
AS is fundamental in the art, many modern electronic 

Systems now include numerous integrated circuits that oper 
ate in conjunction with one another. Particularly in complex 
high performance Systems. Such as modern personal com 
puters and WorkStations, these integrated circuits typically 
operate in a Synchronous manler relative to a System clock. 
Examples of these integrated circuits include the central 
processing unit (CPU) of the System, typically an 
instruction-programmable device Such as a microprocessor 
or digital signal processor (DSP), other programmable 
devices Such as memory controllers, timers, and input/output 
devices, and also general purpose digital logic for control 
ling System operation and communication. In Smaller 
Systems, Such integrated circuits may also correspond to 
custom control functions. Many modern digital logic inte 
grated circuits are now realized in a Semi-custom manner, 
for example by way of a gate array, or by way of an 
application specific integrated circuit (ASIC) which imple 
ments a Selected arrangement of circuit functions into a 
Single integrated circuit. 

Because of the finite resistance of conductive lines and 
differences in Signal distance among the integrated circuits, 
as well as variations in propagation delay among the various 
circuits in a System, the Synchronous operation of the 
integrated circuits in a System is not inherently guaranteed. 
Differences in the instantaneous phase of clock signals 
within an integrated circuit and among multiple integrated 
circuits in the System, and also variations in these phase 
differences over time, require delay Stages or wait States in 
the operation of the integrated circuits to ensure reliable 
Synchronous operation and Signal communication within a 
System or Subsystem. In order for the Overall performance of 
the System to be maximized, it is important that the Syn 
chronous operation of each circuit be Synchronized with the 
System clock itself, and thus with one another. 
A conventional approach for Synchronizing the operation 

of an integrated with a System clock is the well-known 
phase-locked loop, or PLL. PLLs are often deployed in 
clock distribution circuitry of an integrated circuit, So that 
internal clock Signals may be generated and distributed 
within the circuit that are maintained at a fixed phase 
relationship relative to the System clock. Each integrated 
circuit in the System that utilizes a PLL to generate Such 
phase-synchronous internal clocks will therefore be operat 
ing Synchronously (i.e., in a fixed phase relationship) with 
one another, minimizing the necessity of delay in the com 
munication of Signals among these Synchronized circuits. 

In general, PLL circuits operate by comparing the time at 
which an edge of the System clock is received relative to a 
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2 
corresponding edge of an internally generated clock. If a 
Significant delay between these two edges is detected, the 
generation of the internal clock is adjusted to more closely 
match the received system clock. To accomplish this, PLL 
circuits in modern circuits may be realized in either analog 
or digital form. In an analog PLL, the frequency of a 
periodic Signal produced by a Voltage controlled Oscillator is 
adjusted in response to a filtered signal from a phase 
detector, Such that the instantaneous frequency of the inter 
nal chip clock is advanced or retarded depending upon 
whether the chip clock lags or leads the System clock. 
Analog PLLS therefore adjust the phase of the chip clock in 
a Substantially continuous manner in response to a phase 
difference between the internal chip clock and the System 
clock; this Smooth operation generally depends upon the 
filtering of the output of the phase detector circuit, but can 
be made quite well-behaved in most implementations. 
However, analog PLL are typically Somewhat complex to 
implement, especially in high performance digital integrated 
circuits. 

In a digital PLL, the length of a digital delay line is 
adjusted in response to the chip clock leading or lagging the 
System clock. FIG. 1 illustrates a generalized block diagram 
of a conventional digital PLL. AS Shown therein, the System 
clock is applied to a first input of phase detector 11, and to 
an input (A) of digital delay line 15; a chip clock signal 
generated by the PLL itself is applied to a Second input of 
phase detector 11. In this conventional digital PLL, digital 
delay line 15 is a controllable series of delay stages by way 
of which its output signal (Y) is generated as a delayed 
version of the incoming System clock signal, with an adjust 
able delay therebetween. A shift clock on line CLK is also 
generated by phase detector 11, in response to a phase 
difference between the chip and System clocks, and is 
applied to digital delay line 15 to shift a tap point therein in 
a direction corresponding to the state of line R/L from phase 
detector 11. The control signal on line R/L is generated by 
phase detector 11 according to the polarity of the phase 
difference between corresponding edges of the System clock 
Signal and the chip clock signal. Clock distribution circuitry 
17 receives the output clock signal (Y) from digital delay 
line 15, and generates and distributes clock Signals through 
out the remainder of the corresponding integrated circuit, 
including the chip clock signal that is applied to phase 
detector 11. 

In operation, phase detector 11 generates a pulse of its 
shift clock on line CLK in response to detecting a phase 
difference between the System clock and the chip clock 
Signal that exceeds a threshold time. This shift clock pulse 
from phase detector 11 shifts the position of a tap point 
within digital delay line 15 to adjust its delay length between 
the receipt of an edge at input A and the generation of the 
edge at output Y; the adjustment is made in the direction 
indicated by the state of line R/L from phase detector 11. In 
response to the chip clock Signal leading the System clock, 
phase detector 11 will drive line R/L high so that, upon a 
pulse of the shift clock on line CLK, digital delay line 15 
lengthens its delay by one Step, further delaying the output 
Signal from the System clock Signal. Conversely, if the 
System clock is leading the chip clock signal, phase detector 
11 drives a low level on line R/L, to reduce the delay in 
digital delay line 15 upon receipt of a shift clock pulse on 
line CLK, incrementally advancing the chip clock signal 
relative to the system clock. Over a sufficient number of 
cycles and adjustments, the conventional digital PLL of FIG. 
1 will eventually generate and distribute clock signals that 
are in a fixed phase relationship with the System clock. 
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AS compared with analog PLLS, digital PLLS are rela 
tively Straightforward to implement and Simulate in the 
design cycle, and generally exhibit good noise immunity. 
Additionally, considering that no external components are 
typically required for digital PLLs and that the digital PLL 
may be realized by Similar circuit elements as used else 
where in the digital integrated circuits, many modern inte 
grated circuits now include digital PLL circuitry for Syn 
chronizing their internally generated on-chip clocks with 
external System clockS. 
AS noted above, analog PLLS adjust the chip clock phase 

in a Substantially continuous manner. In contrast, however, 
digital PLLS can only adjust the phase relationship between 
the internal chip clock and the System clock to a discrete 
accuracy that corresponds to the minimum Step size of the 
digital delay line. This granularity is due to the operation of 
the digital PLL, once the chip clock reaches Substantially the 
phase of the System clock, in adding or Subtracting the 
Smallest delay Step to or from the digital delay line in 
response to a detected phase difference between the chip 
clock and the System clock. This incremental change in 
phase is often noticeable, particularly at high frequencies, as 
a jump in the phase relationship of the two clocks. The 
resulting “phase jitter' is now a commonly Specified param 
eter for digital PLLs, as this effect is often a limiting factor 
in the accuracy and performance of the circuit. 

Conventional digital PLLs have addressed the issue of 
phase jitter in Several ways. For example, as described in 
U.S. Pat. No. 5,544,203, commonly assigned herewith and 
incorporated hereinto by this reference, phase jitter ampli 
tude is reduced by the combination of a coarse delay element 
with a fine delay element. In this way, the ultimate minimum 
delay stage Step can be maintained to be relatively Small, 
while permitting the coarse delay Stage to rapidly adjust the 
internal chip clock to the desired locked phase relationship. 
However, the frequency of phase jitter is not reduced in this 
approach. 

So-called “lock and hold” digital PLLs are also known in 
the art to reduce phase jitter. FIG. 2 illustrates one example 
of a lock and hold digital PLL, using the same reference 
numerals as used in FIG. 1 to refer to common elements 
therewith. In the lock and hold digital PLL of FIG.2, NAND 
gate 14 generates the shift clock applied to digital delay line 
15 on line SCLK; line R/L is applied to one input of NAND 
gate 14 and the shift clock output (inverted) from phase 
detector 11 is applied to the other input. The operation of the 
PLL of FIG. 2 begins with the chip clock considered to be 
in advance of the System clock, So that the control Signal on 
line R/Lindicates right shifts of the delay length in response 
to each pulse of the shift clock on line CLK (which is passed 
through to digital delay line SCLK by NAND gate 14 
because of the high logic level on line R/L). Once the chip 
clock is delayed to lag the System clock, in which case the 
control signal on line R/L from phase detector will be 
inactivated, NAND gate 14 will then block shift clock pulses 
on line CLK from reaching digital delay line 15. As a result, 
variations in the phase of the chip clock signal around the 
edge of the System clock signal will not cause phase jitter, 
as the delay through digital delay line 15 will no longer be 
adjusted However, should the chip clock signal become 
further delayed relative to the system clock after the lock 
condition, as may occur with changing environmental 
conditions, increased junction temperature of the integrated 
circuit, or because of noise in the System, the digital PLL of 
FIG. 2 will not be able to advance the chip clock signal until 
either the phase lag becomes So long that the chip clock 
Signal appears to lead the System clock. AS Such, while valid 
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4 
and simple to implement, the digital PLL of FIG. 2 is not 
stable over all conditions. 
FIG.3 illustrates another conventional digital PLL circuit 

including a lock and hold feature. In this example, phase 
detector 11 directly applies the shift clock on line CLK and 
the control signal on line R/L to digital delay line 15, as in 
the PLL of FIG.1. The lock and hold feature is provided in 
the circuit of FIG.3 by way of AND gates 16 and 18. AND 
gate 16 receives the System clock signal at one input, while 
AND gate 18 receives the chip clock signal at one input, line 
R/L is applied to second inputs of each of AND gates 16, 18. 
The outputs of AND gates 16, 18 are applied to the inputs 
of phase detector 11, Such that phase detector 11 detects 
phase differences between the signals at the outputs of AND 
gates 16, 18 and generates a shift clock pulse on line CLK 
and a shift direction signal on line R/L responsive thereto. In 
this example, the System clock and the chip clock are 
applied, by AND gates 16,18, to phase detector 11 so long 
as the chip clock signal leads the System clock (i.e., So long 
as line R/L is driven high to lengthen the delay through 
digital delay line 15). Once the delay of digital delay line 15 
is lengthened by shift clock pulses on line CLK So that the 
chip clock signal lags the System clock by a detectable phase 
difference, phase detector 11 will drive line R/L low and 
cause AND gates 16, 18 to block the application of the 
System clock and the chip clock from the inputs of phase 
detector 11. At this point, with no further clock edges of the 
System clock and the chip clock reaching phase detector 11, 
no further adjustment of the delay through digital delay line 
15 can be made. Phase jitter that occurs by slight variations 
of the chip clock relative to the system clock will thus be 
blocked. However, the implementation of the digital PLL of 
FIG.3 requires a great deal of care, particularly in providing 
equidistant positioning of matched AND gates 16, 18 from 
the inputs of phase detector 11, considering that any mis 
match in the propagation delay through gates 16, 18 will 
degrade the phase matching of the chip clock relative to the 
System clock. Furthermore, care must be taken relative to the 
timing of the transition at the output of phase detector 11 at 
line R/L so that gated clock glitches are avoided. Still 
further, while the circuit of FIG. 3 permits locking either in 
the left or right direction, this circuit precludes the correction 
of phase drift. 

In either case, the circuits of FIGS. 2 and 3 eliminate 
phase jitter by locking and holding the delays upon the chip 
clock signal becoming matched to the System clock, thus 
providing potentially greater available datapath margin. 
However, the inability of the PLLs of FIGS. 2 and 3 to 
respond to phase drift due to temperature and power Supply 
Voltage variations, and due to noise, can degrade the overall 
clock skew in the System. 

BRIEF SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to provide 
a digital phase-locked loop (PLL) circuit in which phase 
jitter frequency is reduced while providing the ability to 
continue to adjust internal clock Signals for phase drift over 
time. 

It is a further object of the present invention to provide 
such a PLL circuit which may be readily implemented into 
modern digital circuits. 

It is a further object of the present invention to provide 
Such a PLL circuit which reduces phase jitter frequency 
without adversely affecting the rate at which phase lock is 
reached. 

It is a further object of the present invention to provide 
Such a PLL circuit which minimizes power consumption by 
advantageously disabling delay chain clockS. 
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Other objects and advantages of the present invention will 
be apparent to those of ordinary skill in the art having 
reference to the following Specification together with its 
drawings. 

The present invention may be implemented into a digital 
phase-locked loop (PLL) circuit by gating the generation of 
shift clock signals to the digital delay line with an exclusive 
OR of the current phase relationship of the system clock and 
chip clock and a previously detected phase relationship of 
the System and chip clocks. This gating enables adjustment 
of the digital delay line only when Successive phase differ 
ences of the same polarity are detected. The chip clock that 
is applied to the phase detector is delayed by a Second digital 
delay line that is adjusted responsive to phase differences 
detected when the primary digital delay line is blocked, 
providing correct phase detection. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

FIG. 1 is an electrical diagram, in block and Schematic 
form, of a conventional digital phase-locked loop (PLL) 
circuit. 

FIG. 2 is an electrical diagram, in block and Schematic 
form, of a conventional digital PLL circuit having a lock and 
hold feature. 

FIG. 3 is an electrical diagram, in block and Schematic 
form, of another conventional digital PLL circuit having a 
lock and hold feature. 

FIG. 4 is an electrical diagram, in block form, of an 
electronic System incorporating digital PLL circuits accord 
ing to the preferred embodiment of the present invention. 

FIG. 5 is an electrical diagram, in block and schematic 
form, of a digital PLL circuit according to the preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

AS will be apparent from the following description, the 
present invention may be beneficially used in connection 
with many different alternative implementations of elec 
tronic circuits and Systems. It is therefore contemplated that 
those skilled in the art having reference to this description 
will be readily able to implement the present invention in 
many alternative realizations, over a wide range of elec 
tronic functions and Systems. AS Such, it will be understood 
that the following description is provided by way of example 
only. 

FIG. 4 generically illustrates an electronic System in 
connection with which the preferred embodiment of the 
present invention is implemented. Multiple integrated cir 
cuits 20 are provided in this exemplary System, for carrying 
out the function of the System. Integrated circuits 20 may 
correspond to instruction-programmable logic devices, Such 
as microprocessors or digital signal processors (DSPs), 
custom logic devices, Semi-custom logic devices Such as 
application specific integrated circuits (ASICs), general pur 
pose logic, or combinations thereof. Integrated circuits 20 in 
this exemplary System operate in a Synchronous fashion 
relative to a system clock generated on line SYSCLK by 
clock generator circuit 21, which is applied to each of 
integrated circuits 20. Clock generator circuit 21 is a con 
ventional clock generator circuit for generating this System 
clock, constructed according to conventional techniques, for 
example, clock generator circuit 21 may be a crystal oscil 
lator circuit for generating a periodic signal corresponding to 
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6 
the frequency of oscillation of an external crystal. 
Alternatively, for example if the system of FIG. 4 corre 
sponds to a Subsystem that is implemented on a card for a 
computer System, clock generator circuit 21 may itself 
receive an externally generated clock Signal and distribute 
the system clock signal on line SYSCLK based upon this 
received signal. 
The system of FIG. 4 includes, as noted above, multiple 

integrated circuits 20 (two of which are shown in the 
Figure). According to the preferred embodiment of the 
present invention, each integrated circuit 20 includes a 
digital phase-locked loop (DPLL) 22 that receives the sys 
tem clock on line SYSCLK from clock generator circuit 21, 
generates one or more clock Signals in a fixed phase rela 
tionship with the System clock, and distributes these Syn 
chronized clock signals to various circuit functions within its 
corresponding integrated circuit 20. For example, DPLL 22 
within integrated circuit 20 generates Synchronized clock 
Signals and applies these clocks to logic functions 24, 24 
and to clocked buffer 28; in integrated circuit 20 of FIG. 4, 
its DPLL 22 generates Such clock signals for application to 
buffers 28 and logic 26. Logic functions 24, 26 in integrated 
circuits 20, 20, respectively, are circuits for performing the 
desired and appropriate logic functions for their associated 
integrated circuits 20. 

Integrated circuits 20 in the system of FIG. 4 operate in 
a Synchronous manner relative to one another, by way of 
each integrated circuit 20 operating in a Synchronous man 
ner relative to the system clock on line SYSCLK, under the 
control of their respective DPLL 22. Such synchronous 
operation is particularly important for purposes of high 
Speed data eXchange between respective buffers 28 of inte 
grated circuits 20, 20, in order to maximize the perfor 
mance of the System; poor Synchronization and varying 
clock relationships between buffers 28 of integrated circuits 
20, 20 will, of course, require wider timing margins for 
data communication, and thus reduce the System perfor 
mance. In addition, Synchronous operation among the vari 
ous circuits within each integrated circuit 20, 20 will 
maximize its internal performance, as well. 

Referring now to FIG. 5, the construction of DPLL 22 
according to the preferred embodiment of the invention will 
now be described. In particular, the construction of DPLL 22 
described herein corresponds to that which may be imple 
mented by way of Standard cells Selected for realization in 
an ASIC device. Of course, custom logic or other realiza 
tions of DPLL 22 may alternatively be used, as desired. 
These and other various alternative implementations of 
DPLL22 according to the present invention will be apparent 
to those of ordinary skill in the art having reference to this 
Specification, Such alternative implementations being con 
templated to fall within the Scope of the present invention as 
hereinafter claimed. AS Such, the construction of DPLL 22 
as shown in FIG. 5 is presented by way of example only. 
DPLL 22 in FIG. 5 includes phase detector 30, which 

receives system clock SYSCLK at its CLKR input, and 
receives a feedback clock from within DPLL 22 at its CLKI 
input. The generation of the feedback clock to phase detector 
30 will become apparent from the following description. 
Phase detector 30 is of conventional construction, Such as 
the DLP41 standard cell available from the TGC4000 library 
of Texas Instruments Incorporated. Phase detector 30, as 
conventional for Such functions, compares the relative 
phases of the clock signals received at its CLKR, CLKI 
inputs. Upon the phase difference, or time lag, between 
edges of these clock signals varying by more than a detec 
tion threshold, phase detector 30 issues a shift clock pulse at 
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its CLKZ output, and issues a shift direction signal by 
driving a logic level at its QZ output, onto line R/L, that 
indicates the relative phases of the two clockS. In this 
example, phase detector 30 issues an active high level at its 
QZ output responsive to the system clock SYSCLK at its 
CLKR input lagging the feedback clock at its CLKI input, 
and issues an inactive or low level at its QZ output respon 
sive to the system clock SYSCLK at its CLKR input leading 
the feedback clock at its CLKI input. 

Line R/L at the QZ output of phase detector 30 is 
connected to the D input of D-type latch 32, while the CLKZ 
output of phase detector 30 is applied to the clock input of 
latch 32, via inverter 31. Latch 32 serves to store the most 
recent state of line R/L upon the end of the clock cycle 
output by phase detector 30, presenting this Stored State at its 
Q output to one input of an exclusive-OR function, which in 
this case is exclusive-NOR gate 34. Of course, either an 
exclusive-OR gate and an exclusive-NOR gate may serve 
this exclusive-OR function, depending upon the desired 
logic polarity of its output. In this example, the output of 
exclusive-NOR gate 34 is connected to one input of NAND 
gate 37, and the CLKZ output of phase detector 30 is 
connected to a second input of NAND gate 37. 

Line R/L is also connected to a second input of exclusive 
NOR gate 34, and to the R/L input of digital delay line 38. 
Digital delay line 38 receives system clock SYSCLK at its 
A input, and the output of NAND gate 37 at its shift clock 
input. Digital delay line 38 is a conventional circuit function 
for performing the shiftable delay function used in conven 
tional DPLLs, as described above relative to FIGS. 1 
through 3. An example of a conventional digital delay 
element useful as digital delay line 38 according to the 
preferred embodiment of the present invention is the DLE23 
standard cell from the TGC4000 library available from 
Texas Instruments Incorporated. In this regard, digital delay 
line 38 generates, at its Y output, a clock signal that is 
delayed from the input clock signal received at its Ainput by 
a delay that is shiftable in response to Signals received at its 
shift clock and R/L inputs. In response to a clock pulse at its 
shift clock input, digital delay line 38 will lengthen its delay 
by an increment if a high level is then present at its R/L 
input, and reduces its delay by this increment if a low level 
is then present thereat. 

The Y output of digital delay line 38 is applied to clock 
distribution circuit 47, via clock buffer 40. Clock distribu 
tion circuit 47 is a conventional circuit for receiving a clock 
Signal and for distributing this clock signal, and also clockS 
generated therefrom by clock distribution circuit 47 itself, 
throughout the remainder of integrated circuit 20 containing 
DPLL 22; as Such, clock distribution circuit 47 includes 
clock generation circuits there within, Such as frequency 
dividers and the like. Clock distribution circuit 47 is of 
conventional construction, Such as used in conventional 
DPLLs as described above relative to FIGS. 1 through 3. 
The clock generated by digital delay line 38 at its Youtput 

is also forwarded, after buffering by clock buffer 40, to the 
A input of digital delay line 42. Digital delay line 42 may be 
of Similar construction and function as digital delay line 38, 
and therefore has an R/L input and a shift clock input. The 
maximum delay length of digital delay line 42 is preferably 
much shorter than that of digital delay line 38, however; 
indeed, as will become apparent from the following 
description, digital delay line 42 may include as few as two 
delay stages. The R/L input of digital delay line 42 receives 
line R/L as generated from the QZ output of phase detector 
30. The shift clock input of digital delay line 42 receives a 
signal generated by NAND gate 36, which has the shift 
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8 
clock output CLKZ of phase detector 30 applied to one 
input, and the output of exclusive-NOR gate 34, inverted by 
inverter 35, applied to its second input. Digital delay line 42 
generates, at its Youtput, the feedback clock signal that is 
applied to the CLKI input of phase detector 30, and against 
which phase detector 30 compares the timing of edges of 
system clock SYSCLK. 
AS is apparent from the foregoing description, DPLL 22 

utilizes two Separate digital delay lines 38, 42. Digital delay 
line 38 controls the generation of the clocks that are actually 
applied to functional circuits elsewhere within integrated 
circuit 20, while digital delay line 42 generates the feedback 
clock for use in the phase detection and delay adjustment 
processes. The delays produced by digital delay lines 38, 42 
are separately adjusted, however. AS will be apparent from 
the following description of the operation of DPLL 22, this 
construction of DPLL 22 reduces the frequency of phase 
jitter in the output clock signals from clock distribution 
circuit 47. 
The following description of the operation of DPLL 22 

will begin from an initial condition in which the system 
clock on line SYSCLK lags the feedback clock applied to 
the CLKI input of phase detector 30; as will be apparent 
from the following description, DPLL 22 will equivalently 
lock from the State in which the System clock on line 
SYSCLK initially leads the feedback clock. If appropriate, 
an initializing clock (not shown) may provide a selected 
initial condition of the feedback clock, upon circuit reset. 
Upon the detection of at least a threshold phase difference in 
the rising edges of system clock SYSCLK received at its 
CLKR input and the feedback clock at its CLKI input, phase 
detector 30 issues a pulse at its CLKZ output and (in this 
case where the system clock lags) also a high level at its QZ 
output that is applied to line R/L. This high level on line R/ 
Lis forwarded to the R/L inputs of digital delay lines 38,42, 
and to the D input of latch 32. Upon the lagging edge at the 
end of the pulse at the QZ output of phase detector 30, after 
inversion by inverter 31, clocks in the high level on line R/ 
Linto latch 32. 

Meanwhile, system clock SYSCLK is applied directly to 
the A input of digital delay line 38, which generates a 
delayed version thereof at its Y output for distribution by 
clock distribution circuit 47 to elsewhere in integrated 
circuit 20. Additionally, this output clock from digital delay 
line 38, via clock buffer 40, is also applied to the A input of 
digital delay line 42 which, in turn, generates a delayed 
version therefrom at its Y input that is applied back to the 
CLKI input of phase detector 30. 

In the next clock cycle, upon the detection of the edges of 
the System clock and feedback clocks at a similar phase 
relationship as in the previous cycle, phase detector 30 will 
maintain the high level at its QZ output on line R/L. This 
level is directly applied to one input of exclusive-NOR gate 
34. Because the previously latched state of latch 32 was also 
a high level (and now appears at the Second input of 
exclusive-NOR gate 34 from the Q output of latch 32), 
exclusive-NOR gate 34 applies a high level to one input of 
NAND gate 37. The shift clock pulse generated by phase 
detector 30 at its CLKZ output in response to the input clock 
edges is then passed by NAND gate 37 to the clock input of 
digital delay line 38, which effects an incremental length 
ening (line R/L being high) of the delay length of digital 
delay line 38. The clock generated at the Youtput of digital 
delay line 38 is thus incrementally delayed further relative to 
the system clock on line SYSCLK. This delayed clock is 
forwarded by clock buffer 40 to clock distribution circuitry 
47 for the generation and distribution of clock signals 
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throughout integrated circuit 20, and also to digital delay 
element 42 from which the feedback clock to be applied to 
the CLKI input of phase detector 30 is generated. The 
incremental lengthening of the delay of digital delay line 38 
thus has the effect of bringing the feedback clock at the Y 
output of digital delay line 42 incrementally closer to 
alignment with the system clock on line SYSCLK. 
The high level driven by exclusive-NOR gate 34 appears 

as a low level input to NAND gate 36, through the action of 
inverter 35. In this event, the shift clock generated by phase 
detector 30 at its CLKZ output, in response to the detected 
phase lag in the system clock on line SYSCLK relative to the 
feedback clock, is blocked by NAND gate 36 from appear 
ing at the shift clock input of digital delay line 42. The high 
level state of line R/L applied to the R/L input of digital 
delay line 42 thus has no effect upon the delay length of 
digital delay line 42. Of course, the incremental lengthening 
of the delay through digital delay line 38 has the effect of 
incrementally delaying the edge of the clock at the Youtput 
of digital delay line 42, as the delay between the feedback 
clock from digital delay line 42 relative to the System clock 
on line SYSCLK corresponds to the sum of the delays 
through both digital delay lines 38, 42 (plus the propagation 
delay through other intervening devices). 

Each Succeeding clock period in which the System clock 
on line SYSCLKlags the feedback clock at the CLKI input 
of phase detector 30 continues this operation, as each shift 
clock pulse generated at the CLKZ output of phase detector 
30 is passed through to digital delay line 38 in combination 
with the maintained high level on line R/L. This incremen 
tally lengthens the delay of the feedback clock. Eventually, 
however, the delay length of digital delay line 38 will be 
increased sufficiently that the system clock on line SYSCLK 
will lead the feedback clock Signal generated at the Youtput 
of digital delay line 42. 
Upon the first instance of the System clock on line 

SYSCLK leading the feedback clock generated by digital 
delay line 42, phase detector 30 will generate a low level at 
its QZ output and thus upon line R/L, indicating that a left 
shift, or incremental reduction of the delay length, is appro 
priate. The corresponding input of exclusive-NOR gate 34 
thus also receives a low logic level. However, because this 
is the first instance of this phase relationship, the previously 
stored state of line R/L at the Q output of latch 32 is at a high 
level, and is also applied to exclusive-NOR gate 34. The 
opposite states at the inputs of exclusive-NOR gate 34 
causes its output to be driven low. NAND gate 37 will then 
block any shift clock pulse generated by phase detector 30 
from being applied to the shift clock input of digital delay 
line 38. 
AS a result, the first leading phase cycle detected by phase 

detector 30 will not cause the output clock generated by 
digital delay line 38 to be at an adjusted phase; rather, the 
delay through digital delay line 38 is maintained at the same 
relationship as in the previous cycle. 

However, the low logic level at the output of exclusive 
NOR gate 34, after inversion by inverter 35, enables NAND 
gate 36 to pass the state of the CLKZ output of phase 
detector 30 to the shift clock input of digital delay line 42. 
Because line R/L is at a low level, however, the delay length 
of digital delay line 42 is incrementally reduced in response 
to the pulse applied by NAND gate 36 to its shift clock input. 
This incremental advancing of the feedback clock at the Y 
output of digital delay line 42 then appears at the CLKI input 
of phase detector 30 for the next system clock cycle. At this 
point, the operation of DPLL 22 may be considered to be 
“locked. 
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The operation of DPLL 22 will then continue in this 

manner while in the locked state. In short, NAND gate 37 
blocks the application of any shift clock pulses generated by 
phase detector 30 at its CLKZ output for every cycle in 
which the new state of line R/L at the QZ output of phase 
detector 30 differs from its state in the previous cycle; in 
other words, the delay of digital delay line 38 is not adjusted 
in cycles in which the phase relationship between the System 
and feedback clocks differs in sign (lead versus lag) from the 
previous phase detection event (which may or may not have 
occurred in the previous System clock cycle). In these 
cycles, the adjustment of the feedback clock delay is made 
by digital delay line 42, as the opposite states of line R/L in 
Successive cycles, as presented by latch 32 and exclusive 
NOR gate 34, cause NAND gate 36 to pass the shift clock 
to digital delay line 42. This operation permits the feedback 
clock to be adjusted toward the System clock on line 
SYSCLK, but this incremental adjustment does not appear 
on the clockS generated and distributed by clock distribution 
circuitry 47, as the delay through digital delay line 38 is not 
adjusted. 

In the event of clock drift following lock, however, such 
as may occur as a result of junction temperature increases, 
power Supply Voltage modulations, or noise in the System, 
digital delay line 38 is able to respond. Such drift is indicated 
by two or more Successive phase detections (which may or 
may not occur in Successive System clock cycles) having the 
same phase relationship as detected by phase detector 30. If 
line R/L is driven low in two successive cycles (feedback 
clock lags the System clock in two Successive cycles) or high 
in two Successive cycles (feedback clock leads the System 
clock in the two successive cycles), exclusive-NOR gate 34 
will drive its output to a high level, enabling NAND gate 37 
to pass the shift clock pulses from the CLKZ output of phase 
detector 30 to the shift clock input of digital delay line 38. 
Digital delay line 38 will then incrementally modify its 
delay length in the direction indicated by the current State of 
line R/L, in order to correct the phase drift and to bring 
DPLL 22 back into a locked state. 
According to the present invention, therefore, the effects 

of phase jitter are thus blocked from appearing upon the 
actual clocks used in the execution of logic and other 
operations, for example as distributed by clock distribution 
circuitry 47 in DPLL 22 of FIG. 5. As a result, the integrated 
circuit incorporating the present invention will have 
improved Stability of operation following lock, as the fre 
quency with which phase adjustments are required will be 
greatly reduced. Indeed, it is contemplated that, in the 
absence of noise or drift, phase jitter will be completely 
eliminated; in any event, any phase jitter that is caused by 
the DPLL itself around the lock point will not appear on the 
distributed circuit clocks. This reduction or elimination in 
phase jitter is obtained in a manner that Still permits cor 
rection of the internal chip clocks in the event of drift; 
additionally, lock may be achieved in either direction (i.e., 
from either a System clock lead or lag state), as opposed to 
many conventional lock and hold circuits. Furthermore, it is 
contemplated that these benefits will be obtained without an 
increase in the power consumption of the circuit, as at most 
one of the digital delay lines is adjusted in each clock cycle. 
While the present invention has been described according 

to its preferred embodiments, it is of course contemplated 
that modifications of, and alternatives to, these 
embodiments, Such modifications and alternatives obtaining 
the advantages and benefits of this invention, will be appar 
ent to those of ordinary skill in the art having reference to 
this specification and its drawings. It is contemplated that 
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Such modifications and alternatives are within the Scope of 
this invention as Subsequently claimed herein. 

I claim: 
1. A digital phase-locked loop circuit, comprising: 
a phase detector, having a first input for receiving a 

System clock and a Second input for receiving a feed 
back clock, for generating a shift Signal at a shift clock 
output responsive to detecting a phase difference 
between the System and feedback clocks, and for gen 
erating a direction Signal at a direction output indicat 
ing which of the System and feedback clockS leads the 
other; 

a latch, for Storing the State of the direction Signal; 
an exclusive-OR function, having a first input coupled to 

the output of the latch and a Second input coupled to 
receive the direction Signal from the phase detector, for 
comparing the contents of the latch corresponding to a 
Stored State of the direction Signal with the current State 
of the direction signal; 

a first digital delay line, having an input coupled to 
receive the System clock, for generating a first delayed 
clock from the System clock, the first digital delay line 
having a direction input coupled to the direction output 
of the phase detector, and having a shift clock input, the 
first digital delay line having a delay length that is 
Selectively incremented or decremented according to a 
Signal at its direction input, responsive to receiving a 
shift signal at the shift clock input; 

a first gate, having a first input coupled to the output of the 
exclusive-OR function and having a Second input 
coupled to the shift clock output of the phase detector, 
for blocking shift Signals from being applied to the shift 
clock input of the first digital delay line responsive to 
the exclusive-OR function determining that the con 
tents of the latch differ from the current state of the 
direction signal; 

a Second digital delay line, having an input coupled to 
receive the first delayed clock, for generating the feed 
back clock therefrom, the first digital delay line having 
a direction input coupled to the direction output of the 
phase detector, and having a shift clock input, the 
Second digital delay line having a delay length that is 
Selectively incremented or decremented according to a 
Signal at its direction input, responsive to receiving a 
shift signal at the shift clock input; and 

clock distribution circuitry, for receiving the first delayed 
clock and for distributing one or more chip clockS 
based thereupon. 

2. The digital phase-locked loop of claim 1, wherein the 
first gate is for passing shift Signals to the shift clock input 
of the first digital delay line responsive to the exclusive-OR 
function determining that the contents of the latch do not 
differ from the current State of the direction Signal. 

3. The digital phase-locked loop of claim 1, further 
comprising: 

a Second gate, having a first input coupled to the output of 
the exclusive-OR function, and having a Second input 
coupled to the shift clock output of the phase detector, 
for blocking shift Signals from being applied to the shift 
clock input of the first digital delay line responsive to 
the exclusive-OR function determining that the con 
tents of the latch do not differ from the current state of 
the direction Signal. 

4. The digital phase-locked loop of claim 3, wherein the 
Second gate is for passing Shift Signals to the shift clock 
input of the Second digital delay line responsive to the 
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12 
exclusive-OR function determining that the contents of the 
latch differ from the current state of the direction signal. 

5. The digital phase-locked loop of claim 1, wherein the 
latch has a clock input for receiving a clock signal, respon 
Sive to which the State of the direction signal is Stored; 

and wherein the shift clock output of the phase detector is 
coupled to the clock input of the latch. 

6. The digital phase-locked loop of claim 5, wherein the 
shift clock output of the phase detector is coupled to the 
clock input of the latch in Such a manner that the latch Stores 
the State of the direction signal responsive to a trailing edge 
of the shift Signal. 

7. The digital phase-locked loop of claim 1, further 
comprising: 

a clock buffer having an input coupled to receive the first 
delayed signal from the first digital delay line, and 
having an output coupled to the clock distribution 
circuitry. 

8. A method for generating a chip clock in a Substantially 
constant phase relationship relative to a System clock, com 
prising the Steps of 

receiving a System clock, 
applying the System clock to a first digital delay line to 

generate a first delayed clock; 
distributing at least one clock signal based upon the first 

delayed clock to a circuit function; 
generating a feedback clock by applying the first delayed 

clock to a Second digital delay line; 
monitoring the phase relationship of corresponding edges 

of the System clock and the feedback clock; 
responsive to the monitoring Step detecting that corre 

sponding edges of the System clock and the feedback 
clock differ in time by more than a selected threshold, 
generating a direction signal having a State indicating 
which of the system clock and feedback clock leads the 
other; 

then Storing a State of the direction signal for later use; 
comparing the Stored State of the direction signal with a 

current State of the direction signal; 
responsive to the comparing Step indicating that the Stored 

direction Signal matches the current State of the direc 
tion Signal, incrementally varying the delay length of 
the first digital delay line in a direction corresponding 
to the current State of the direction Signal; and 

responsive to the comparing Step indicating that the Stored 
direction Signal does not match the current State of the 
direction Signal, incrementally varying the delay length 
of the Second digital delay line in a direction corre 
sponding to the current State of the direction Signal. 

9. The method of claim 8, wherein the step of incremen 
tally varying the delay length of the first digital delay line 
comprises: 

responsive to the direction signal indicating that the 
feedback clock leads the System clock, lengthening the 
delay length of the first digital delay line; and 

responsive to the direction signal indicating that the 
feedback clock lags the System clock, reducing the 
delay length of the first digital delay line. 

10. The method of claim 9, further comprising: 
responsive to the monitoring Step detecting that corre 

sponding edges of the System clock and the feedback 
clock differ in time by more than a selected threshold, 
generating a shift clock pulse, 

wherein the lengthening and reducing Steps are performed 
responsive to the first digital delay line receiving the 
shift clock pulse at a shift clock input. 
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11. The method of claim 10, further comprising: 
responsive to the comparing Step indicating that the Stored 

direction Signal matches the current State of the direc 
tion Signal, applying the shift clock pulse to a shift 
clock input of the first digital delay line; and 

responsive to the comparing Step indicating that the Stored 
direction Signal does not match the current State of the 
direction Signal, blocking the shift clock pulse from the 
shift clock input of the first digital delay line. 

12. The method of claim 9, wherein the step of incre 
mentally varying the delay length of the Second digital delay 
line comprises: 

responsive to the direction Signal indicating that the 
feedback clock leads the System clock, lengthening the 
delay length of the Second digital delay line, and 

responsive to the direction Signal indicating that the 
feedback clock lags the System clock, reducing the 
delay length of the Second digital delay line. 

13. The method of claim 10, further comprising: 
responsive to the monitoring Step detecting that corre 

sponding edges of the System clock and the feedback 
clock differ in time by more than a selected threshold, 
generating a shift clock pulse, 

wherein the Step of incrementally varying the delay length 
of the Second digital delay line comprises: 
responsive to the direction signal indicating that the 

feedback clock leads the System clock, lengthening 
the delay length of the Second digital delay line; and 

responsive to the direction signal indicating that the 
feedback clock lags the System clock, reducing the 
delay length of the Second digital delay line; 

and wherein the lengthening and reducing steps are per 
formed responsive to the first digital delay line receiv 
ing the shift clock pulse at a shift clock input. 

14. The method of claim 13, further comprising: 
responsive to the comparing Step indicating that the Stored 

direction Signal does not match the current State of the 
direction Signal, applying the shift clock pulse to a shift 
clock input of the Second digital delay line; and 

responsive to the comparing Step indicating that the Stored 
direction Signal matches the current State of the direc 
tion signal, blocking the shift clock pulse from the shift 
clock input of the Second digital delay line. 

15. An integrated circuit, comprising: 
a logic function, having a clock input; and 
a digital phase-locked loop, comprising: 

a phase detector, having a first input for receiving a 
System clock and a Second input for receiving a 
feedback clock, for generating a shift Signal at a shift 
clock output responsive to a detecting a phase dif 
ference between the System and feedback clocks, and 
for generating a direction signal at a direction output 
indicating which of the System and feedback clocks 
leads the other; 

a latch, for Storing the State of the direction Signal; 
an exclusive-OR function, having a first input coupled 

to the output of the latch and a Second input coupled 
to receive the direction signal from the phase 
detector, for comparing the contents of the latch 
corresponding to a Stored State of the direction Signal 
with the current State of the direction signal; 

a first digital delay line, having an input coupled to 
receive the System clock, for generating a first 
delayed clock from the System clock, the first digital 
delay line having a direction input coupled to the 
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direction output of the phase detector, and having a 
shift clock input, the first digital delay line having a 
delay length that is Selectively incremented or dec 
remented according to a Signal at its direction input, 
responsive to receiving a shift Signal at the shift 
clock input; 

a first gate, having a first input coupled to the output of 
the exclusive-OR function and having a Second input 
coupled to the Shift clock output of the phase 
detector, for blocking shift signals from being 
applied to the shift clock input of the first digital 
delay line responsive to the exclusive-OR function 
determining that the contents of the latch differ from 
the current State of the direction Signal; 

a Second digital delay line, having an input coupled to 
receive the first delayed clock, for generating the 
feedback clock therefrom, the first digital delay line 
having a direction input coupled to the direction 
output of the phase detector, and having a shift clock 
input, the Second digital delay line having a delay 
length that is Selectively incremented or decre 
mented according to a signal at its direction input, 
responsive to receiving a shift Signal at the shift 
clock input; and 

clock distribution circuitry, for receiving the first 
delayed clock and for applying, to the clock input of 
the logic function, a chip clock based upon the first 
delayed clock. 

16. The integrated circuit of claim 15, wherein the digital 
phase locked loop further comprises: 

a Second gate, having a first input coupled to the output of 
the exclusive-OR function, and having a Second input 
coupled to the shift clock output of the phase detector, 
for blocking shift Signals from being applied to the shift 
clock input of the first digital delay line responsive to 
the exclusive-OR function determining that the con 
tents of the latch do not differ from the current state of 
the direction signal. 

17. An electronic System, comprising: 
a clock generator circuit for generating a System clock; 
a plurality of integrated circuits, at least one of the 

plurality of integrated circuits comprising: 
a logic function, having a clock input; and 
a digital phase-locked loop, comprising: 

a phase detector, having a first input for receiving the 
System clock and a Second input for receiving a 
feedback clock, for generating a shift Signal at a 
shift clock output responsive to detecting a phase 
difference between the system and feedback 
clocks, and for generating a direction Signal at a 
direction output indicating which of the System 
and feedback clockS leads the other, 

a latch, for Storing the State of the direction Signal; 
an exclusive-OR function, having a first input 

coupled to the output of the latch and a Second 
input coupled to receive the direction Signal from 
the phase detector, for comparing the contents of 
the latch corresponding to a Stored State of the 
direction Signal with the current State of the direc 
tion Signal; 

a first digital delay line, having an input coupled to 
receive the System clock, for generating a first 
delayed clock from the System clock, the first 
digital delay line having a direction input coupled 
to the direction output of the phase detector, and 
having a shift clock input, the first digital delay 
line having a delay length that is Selectively incre 
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mented or decremented according to a signal at its 
direction input, responsive to receiving a shift 
Signal at the shift clock input; 

a first gate, having a first input coupled to the output 
of the exclusive-OR function and having a Second 
input coupled to the shift clock output of the phase 
detector, for blocking shift Signals from being 
applied to the shift clock input of the first digital 
delay line responsive to the exclusive-OR function 
determining that the contents of the latch differ 
from the current State of the direction Signal; 

a Second digital delay line, having an input coupled 
to receive the first delayed clock, for generating 
the feedback clock therefrom, the first digital 
delay line having a direction input coupled to the 
direction output of the phase detector, and having 
a shift clock input, the Second digital delay line 
having a delay length that is Selectively incre 
mented or decremented according to a signal at its 

15 

16 
direction input, responsive to receiving a shift 
Signal at the shift clock input, and 

clock distribution circuitry, for receiving the first 
delayed clock and for applying, to the clock input 
of the logic function, a chip clock based upon the 
first delayed clock. 

18. The system of claim 17, wherein the digital phase 
locked loop in the one of the plurality of integrated circuits 
further comprises: 

a Second gate, having a first input coupled to the output of 
the exclusive-OR function, and having a Second input 
coupled to the shift clock output of the phase detector, 
for blocking shift Signals from being applied to the shift 
clock input of the first digital delay line responsive to 
the exclusive-OR function determining that the con 
tents of the latch do not differ from the current state of 
the direction signal. 

k k k k k 
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