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(57) Disclosed is a calibratable delay chain with a plurality of 20
delay stages and adjustment circuitry to vary the delay of FIG. 2 50 <
the stages in response to an input value. The calibration
circuitry calibrates a delay of the chain, with calibration Calibration
control circuitry which supplies the input value to the control
adjustment circuitry, output selection circuitry to select an
output from a predetermined point along the delay chain,
and a bypass path for bypassing the delay chain. Digital Input | 40
and analogue comparators compare the output from the Value
delay chain and the output from the bypass path. The
calibration control circuitry controls the output selection
circuitry to output a signal from one point on the delay input & ‘- >
chain to the digital comparator and to change the input - v 30 b
value to the adjustment circuitry in a first direction at a
first rate until a change in an output value of the digital
comparator value is detected. The calibration control
circuitry responds to the detected change in output value
of the digital comparator to control the output selection select
circuitry to output a signal from a further point on the =
delay chain to the analogue comparator and to change 35 L>0utput1
the input value in a second direction at a second rate 33 37-\ﬁ
starting from a value determined by the input value at oypass S Quiput2

which the digital comparator’s output value changed U

value, the second rate being slower than the first rate, a 60
change in value output from the analogue comparator digital flag
indicating an input value that provides a calibrated delay. Output? compare
Outputp | sefect
* analogue analogue flag
compare
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CALIBRATION OF DELAY CHAINS
The technical field relates to data processing apparatus and in particular, to the

calibration of delay paths for delaying a clock signal in order to shift the clock signal

by a predetermined phase.

5
In many data processing sysierss it moay be desirable to phase align two
signals, or to have a predetermined phase difference between them. For example, in
DDR PHY (double date rate physical layer) there is a requirement to shaft the clock
input by both 360° and by 90° for effective data capture.
10 In these systems the phase difference 1s provided by delaving a clock signal by

a predetermined amount using a delay locked loop DLL. The delay in the DLL is
provided by muultiple basic delay stages arranged 1o a chain, the delay across the
whole chain being set to one clock cycle. The delay chain may be designed from
CMOS or CML {current-mode logic) styles of inverters, CML stages generally being

15 preferred over CMOS as they show better power supply noise immunity. As the delay
of these CML stages vary with PVT (process, Voltage and temperature) calibration is
needed to keep the delay constant or vearly constant across these different PVTs.
Adjustraent devices such as binary weighted capacitive or resistive load inside the
CML stages may be used to adjust the delay.

20 In devices of the prior art the phase difference between the clock signal
passing through the chain and the clock signal passing through a bypass line has been
compared during calibration using an analogue comparator.  An analogue comparator
according to the prior art it shown m Figure Ia along with a timing diagram Figure 1b
showing the signals.

25 In the analogue comparator of Figure la there are two inputs that receive
signals one outputl, that being the output of the delay chain and the other, output2
being an output from the bypass path. These signals are passed into an exclusive OR
gate 12 which gencrates a signal Y indicative of whether these valucs are the same or
are different and a signal YB which is the inverted value of Y.

390 These signals Y, YB are then input to averaging circuit 14 which forrus an
average of these values. A comparison is then done using comparator 16, The
averaging circuit 14 1s present to prevent or at least impede false results due to jutter.

An analogue comparator 1s an accurate way of comparing the signals but it takes time
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to perform each comparison duc to the averaging and the desire to allow the signals to
settie.

Looking at Figure 1b we sec that where the signals are nearly aligned the
output Y is positive for very little of the time whereas the output YB 1s positive for a
fot of the time. Thus, the average of YB is far greater than the average value of Y. As
the signals get out of phase this difference reduces until at a 90" phase difference the
signals cross over and the average value of Y starts to become greater than the
average value of YB. This analogue comparator therefore provides a very good way
of detecting a quarter phase change, that is a phase change of cither 90° or 270°.
cannot be used to detect any other phase change.

Thus, in a device of the prior art where a 360" phase change is required an
output signal will be taken from a quarter of the length of the delay chain and the
analogue comparator is used to determine when the signal is 90° out of phase. It is
then assumed that the whole delay chain has a delay of 4 times this, that is 360°. This
is acceptable provided the delay stages are well matched.

In order for the analogue comparator 10 to be able to produce an accurate
result g time of about of 300 nanoscconds per reading is required. This is a significant
time and makes the calibration a lengthy process. For this reason, in devices of the
prior art the adjustrents to the delay stages are initially made m large steps and a
rough estimate found, whereapon the calibration ise performed again around this
point in smaller steps.

Tt would be desitable (o be able to make an accurate calibration in less timne,

A first aspect of the prescut invention provides a calibratable delay chain
comprising:

a delay chain cornprising & plurality of delay stages and adjustment circuitry
configured to vary a delay of each of said plurality of delay stages in response to an
nput value; and

calibration circuitry configured to calibrate a delay of said delay chain,
wherein said calibration circuitry comprises:

calibration control circuitry for controlling said calibration and supplying said
tnput value to said adjustment circuitry;

output selection circuitry configured to select an output from a predetermined

point along said delay chain;

b3
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a bypass path for bypassing said delay chain;

a digital comparator configured to corapare an ouiput from said delay chain
and an output from said bypass path;

an analogue covoparator configured to compare an output from said delay
chain and an output from said bypass path; wherein

said calibration countrol circuitry 18 configured to control said output selection
circuitry to oufput a signal from one point on said delay chain to said digital
comparator and to change said input value to said adjustraent circuitry n a first
direction at a first rate until a change in an oufput value of said digital comparator
value is detected;

said calibration coutrol circuitty 18 configured to respoud to said detected
change in cutput value of said digital comparator to control said output selection
circuitry to output a signal from a further point on said delay chain to said analogue
comparator and to change said input value in a sccond direction at a sccond rate
starting from a value determined by said input value at which said digital
comparator’s output value changed vahue, said second rate being slower than said first
rate, a change m value output from said analogue comparator indicating an nput
value that provides a calibrated delay.

The technology described herein recognises that although analogue comparators
provided an accurate way of finding a guarter phase delay, the time required for cach
comparison to be made is high resulting in a lengthy calibration. The technology also
recognises that digital comparators respond quickly fo differences wn input signal levels
and as such can perform comparisons much more quickly than analogue comparators,
albeit with less accuracy. A vouch quicker calibration could therefore be performed if a
digital comparator were used. Furthermore, no accuracy needs to be lost if the digital
comparator 15 used to provide a rough estimate of the required delay, and an analoguc
comparator used to compare the output signals at this point or at a point near this point to
find an accurate calibrated value.

In this way a far quicker calibration than an analogue only calibration can be
performed without any loss of accuracy.

Although the analogue comparator may have a number of forms, in some
embodiments said analogue comparator comprises circuitry for providing a signal
indicating when said two output signals bave a same value and a signal indicating

when said two output signals have different values and averaging circuitry configured
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to average said two signals over time, said analogue comparator comparing said two
averaged signals and detecting a point at which a larger of said two averaged sigoals
becomes a smaller of said two averaged signal, such that said analogue comparator
circaitry is counfigured to detect a quarter phase difference between said output
signals.

Analoguc cornparators work well where they corapare average signals as any
jitter on the signal can be averaged out. However, if this is the case then they generally
can only cornpare signals that are a quarter phase out of synchronisation with cach other.
This means that if a delay of a full phase is required then calibrating it with the analogue
circuitry can only calibrate the 90° or a 270° point and one must assume that the chain is
uniform. Generally the delay chaimns are designed to be uniform but there will be some
non-uniformities.

In some embodiments, said analogue comparator coraprises:

exchlusive OR circuitry for exclusive ORing the two outputs together and an
mverter for generating an inverted value of said exclusive OR output;

averaging circuitry for generating an averaged value of said exclusive OR
output and an averaged value of said 1nverted value of said exclusive OR output; and

a comparator for comparing said two averaged values and indicating when one
of said two averaged values that was smaller than another becornes larger.

I some embodiments said digital comparator 1s configured to deterroine when
an output of said delay chain has a different value to an output of said bypass path,
such that a change 1o output value of said digital cowaparator indicates a phase
difference of 360" or a whole clock cycle between said two outputs.

Digital comparators can be used to detect differences in signal levels. They may
therefore be used to detect phase difference of 360° which is often the difference that is

cquired in delay locked loops for example.

In some embodiments, said output selection circuitry is configured to output a
signal frorn an end of said delay chain to said digital comparator and from a point
three guarters of the way along said delay chain to said analogue comparator, said
digital comparator changing value in responsc to said output signal being delayed by a
whole clock cycle, and said analogue comparator changing value in response to said
output signal being delayed by three quarters of a clock cycle, such that said

calibrated delay for said delay chain 1s a whole clock ¢ycle delay.
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As noted above digital comparators are well adapted to detect signals being
delayed by 360° or a whole clock cycle, while analogue comparators are well adapted to
detect signals delayed of a guarter of a clock cycle out of phase. Therefore, it is
advantageous if the analogue comparator compares a signal from three guarters of the
way along the delay chain and the digital comparator from the end of the delay chain,
such that they both detect approxiraately the same phase difference. Taking the signal
from three quarters of the way along the chain, rather than from a quarter of the way
along, means that roore of the delay chain is used in the measurement such that the effect
of any non-uniformities in the chain on the result is reduced.

Inn sorme embodiments, said digital comparator is a flip flop and in some cases a
D thp flop and the calibration conirol circuitry is configured to detect said output of
said D flip flop changing from a one to zero indicating that said two signals are
moving into alignment.

The digital comparator may have a number of forms, it may be a flip flop and in
some cases a D-tlip fop. A flip flop will change value when the input sigoals change
value which will provide a good indication signal for the calibration control circuitry.
Where the calibration control circuitry is looking for a 360" phase change then it will
detect when the output of 2 D flip flop changes from a 1 to a 0 which will indicate that
the two signals are rooving into aligmment.

In some ermbodiments, the first and second directions may be different directions
while in other embodiments the first and second directions may be the same direction.

When determining whether t©o continue to change the value m the same
direction during the analogue comparison as during the digital comparison, one needs
to konow whether the digital coraparison was an over or under estimate as this will
indicate where the real alignment point is. I one does not know this, then rather than
using the detected value the detected valuce that has been changed to cnsure that it is
either an underestimate or an overcstimate can be used. In effect if the digital
comparison is thought to have occurred too carly then the second direction should be
the same as the first, while 1f 1t is thought to have occurred too late, then the second
direction should be in the opposite direction

In some embodiments, said cahbration control circuitry s configured 1o
perform a verification step prior to controlling said output selection circuitry to output
a value to said analogue comparator, said venfication step being for veritying that

said change in output vahie of said digital comparator is due to a difference in output
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signals and not to jitter on one of said output signals, said verification step
comprising:

varying said input value further in said first direction by a predetermined
amount and determining whether said digital comparator continues to output said
changed output value, if said digital comparator continues to output said changed
output value said calibration control circuitry determines that said detected change
output values is due to a difference in output signals and proceeds to control said
output sclection circuitry to output a value to said analogue comparator.

It may be advantageous if the calibration control circuitry verifies the rough
estimate provided by the digital comparator. The digital comparator compares two
stgnals and indicates when one of thern changes with respect to the other. It may be
that jitter on onc of the signals triggers the digital comparators to change and
generates a false positive. o order to avoid analogue comparisous being made from a
point that is not close to the required phase delay, it may be advantageous if a
verification step 1s performed following detection of a change n signals by the digital
comparator. In the verification step the input value can be incremented by a
predeternuncd amount and if the output of the digital comparator does not change
from the value output when the detection was made, then the rough estimate s judged
to be correct and this input value can be used as the starting value for the anaslogue
comparison. I however it changes then the rough estirnate was a false positive and
should be discarded.

In some embodiments, said calibration control circuitry s configured in
response to said digital comparator not continuing to output said changed output value
during said verification step to confinue to increase said nput value in said furst
direction until a further change in output value is detected and to perform said
vertfication step for said further change in output value,

Where the verification step indicates a false positive then the digital
comparator continucs to check s two input signals while the nput values and
therefore the delay are changed, until a new positive is found whereupon the
verification step 18 performed again.

In some cmbodiments, said predetermined amount that said wput value is
increased by in said verification step is selected to change a delay in said delay chain

by a tiroe amount that is longer than a predicted nitter pulse.
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In order for the verification step to be able to reliably discount false positives
dues o jitter, the predetermined amount that the input value is increased by should be
fonger than a jitter signal is predicted to last such that if the positive was due to jitter
then when the new measurement is taken the jitier should no longer be present ou the
signal.

Although the output selection circutiry can comprise 8 number of things,
some embodiments it comprises a multiplexer. Similarly the adjustment circuitry
used will depend on the type of delay stage but in some embodiments the delays
stages are made of CML current-mode logic and the adjustment circuitry comprises
binary weighted capacitive or resistive load circuitry.

In soroe embodiments, the calibratable delay chain comprises 4un delay stages
where n is an integer, and wherein said digital comparator compares an cutput from
said delay chain after 4n delay stages, that is at an end of said delay chain and said
analogue comparator compares an output from said delay chain after 3n delay stages.

Where the analogue comparator looks for signals that are quarter of a cycle out
of phase while the digital comparator looks signals that are a whole cycle out of phase
then it s desirable if a signal can be taken from three quarters of the length of the
delay chain for the analogue comparison. In such a case, it is advantageous if the
number of delay stages n the delay chain 1s divisible by four.  Although a signal a
guarter of a cycle out of phase could be taken after just n stages, taking the signal
from after 3n stages means that more of the delay chain is used in the comparison and

In some embodiments, said caltbration control signal is configured to change
said wput value 1o steps and to hold said wput value at cach value for at least ten
times longer during said analogue comparison than during said digital comparison.

The digital comparator can make its comparison far quicker than the analogue
comparison and thus the calibration control circuitry needs to hold the input value steady
for a much shorter time. In general the input value is held for at least 1/10" of the time it
is held for the analogue signal and in some erobodiments for 1/50™.

A sccond aspect provides a delay locked loop comprising a delay chain
according to a first aspect.

Although the delay chain can be used in a number of devices where a calibrated
delay is required, it is particularty suitable for a delay locked loop, which are desigued to

generate clock signals with a certain phase difference to other clock signals.
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A third aspect provides a method of calibrating a delay chain, said delay chain
comprising a plurality of stages and adjustrent circuitry configured to vary a delay of
cach of said plurality of delay stages in response to an input value; said method
comprising the steps of:

gutputting a signal from one point on said delay chain to a digital comparator;

cutputting a signal from a bypass path not passing through said delay chain to
said digital comparator;

varying an input value to said adjustroent circuttry in a first direction at a first
rate until a change in an output value of said digital comparator value s detected;

outputting a signal from a further point on said delay chain to an analogue
comparator;

outputting a signal from a bypass path not passing through said delay chain to
said analogue comparator,

varying satd input value in a second direction at a second rate starting from a
value determined by said value at which said digital comparator’s output valuc
changed value, said second rate being slower than said first rate until a change in
value output from said analogue comparator 18 detected;

using said input values that generated said change in value output as
calibration values for said delay chain.

A fourth aspect of the present inveotion provides calibratable delay chain
comprising:

a delay chain comprising a plurality of delay means and adjustroent means for
varying a delay of cach of said plurality of delay means in response to an input valug;
and

calibration means for calibrating a delay of said delay chain, wherein said
calibration means compriscs:

calibration control means for controlling said calibration and supplying said
mnput value to said adjustment circuitry;

output selection means for selecting an output from a predetermined point
along said delay chain;

bypass mcans for bypassing said delay chain;

digital comparing means for comparing an output from said delay chain and an

output of said bypass means;
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analogue comparing means for comparing two output signals, an output signal
from said delay chain and an output sigual from said bypass means; wherein

said calibration control means is for controlling said output selection means to
output a signal from one point on said delay chain to said digital coraparing meaus
and for changing said input value to said adjustment means at a first rate until a
change n an output value of said digital comparing means 18 detected;

said calibration control means is for responding to said detected output of said

digital comparing means to control said output selection macans to output & signal from

said input value at a second rate starting from a value determined by said input value
at which said digital comparing means ouiput valoe changed value, said second rate
being slower than said first rate, a change in value output from said analogue

comparing means indicating an input value that provides a cahibrated delay.

Erabodiments of the mvention will now be described, by way of example only
with reference to the accompanying drawings in which:

Figure 1a shows an analogue comparison circuit according to an embodument of
the prior art;

Figure 1b shows wave forms depicting the calibration formed by the analogue
coraparator compatison circuit of Figure la;

Figure 2 shows a delay chain and calibration circuit 3 for calibrating that delay
chain according to an exabodiment of the present mvention;

Figure 3 shows an alternative embodiment of a delay chain and calibration
circuitry according to an exabodiment of the present invention;

Figure 4a shows the circuit of Figure 3 during digital calibration;

Figure S shows the wavetorras during the digital calibration;

Figure 6 shows in greater detail the phase error due o uncertainty in the set up
time of the D-flop of the circuit of Figure 4;

Figure 7 shows the cireutt of Figure 4 duning the analogue corpanisons;

Figure & shows waveforms of the circuit during analogue calibration; and

Figure 9 shows a flow diagrar tllustrating steps fu the method according to an

embodiment of the present technique.

g
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Figure 2 shows a calibratable delay chain 20 according to an embeodiment of
the present invention. The calibratable delay chain comprises a delay chain 30 made
up of individual stages 32. These stages have adiustable circuitry within them which
changes the delay of the stage as a control value input to the stages changes. This
nay be in the form of variable resistive or capacitive loads such as binary weighted
capacitive/resistive loads,  The control value 1s an input value 40 gencrated by
calibration control circuitry S0, The calibration control circuitry 50 increases or
decreases the input value to increase or decrecasce the delay scen by the delay cham,

The calibratable delay chain also has a muitiplexer 35 which can select an
output from one of the stages in the delay chain, and forward this to selection circuitry
80 which transmits the outputs it receives to either an analogue comparator 70 or a
digital comparator 60. The calibration control circuitry 50 controls the select signal
for both the multiplexer 35 and the select circurtry 80,

In this embodiment, the digital comparator compares an cutput signal from the
end of the delay chain Oy, with the output signal Output2 which docs not pass through
the delay chain but is rather sent via a bypass path 33, Analogue comparator 70
compares the output from three quarters of the way along the delay chain output Os,
with the output from the bypass path 33 output Cuiput2. Bypass path 33 should
mirror the path through the delay chain except for the delay chain part of that path, so
that any difference in phase s due to the delay chain and can be controlled. For this
reason there is a dummy multiplexer 37 on the bypass path that matches the
wmultiplexer 35 and provides a similar delay to a clock signal passing through .

As noted previously whether the two output signals from the bypass path and
the delay chain are sent o the analogue or digital coraparators is controlled by select
circuitry 80 which is controlied by a signal from calibration control circuitry 50,

In operation, when the calibration control circuitry 50 calibrates the delay
chain for a 360° phase shift, then initially it adjusts the input value 40 and selects the
output O, at the ond of the delay chain 30 with multiplexer 35, sending this output
signal via select circuitry B0 to the digital comparator 60, The digital comparator 60
will compare the output from the bypass path with the cutput from the end of the
delay chain as the 1oput valoe 40 1s increased and the delay 18 increased. As a digital
comparison 18 being made, the rate of change of the input value can be high of the

order of 10ns as the digital comparator 60 can make a comparison very quickly.
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At a certain point the digital flag output from digital comparator 60 will
indicate that the unaligned signals have become aligoed again. The digital comparator
60 will trigger the digital flag to change value when either two rising edges or two
falling edges occur at about the same time.

The calibration control circuitry 50 then knows that there is approximately a
360" phase shift in the two signals at this point. | will then transfer the select signal
to multiplexer 35 to output an output signal from three guarters of the way along the
delay chain that 18 O, to output 1 and this will be output by a scleet circuitry 80 to
analogue comparator 70 along with the output from the bypass path. The analogue
comparator will compare the signals and find when there is a three quarter phasc shift.
It will start using the 1oput valoe used when the digital comparator set the digital flag
and will either continue increasing these values to increase the delay or will gradually
decrease thew untd the cross over point shown n Figure 1b 1s reached. At this point
it will determine that the system is calibrated and will store the input value 40 used to
generate this delay as the calibrated value.  As the analogue comparator 70 takes
much longer to make a comparison than the digital comparator 60 the input value will
change at a much slower rate taking about 500ns for cach comparison.

It should be noted that by taking the value from three guarters of the way
along the delay chain rather than a quarter of the way along as in the prior art any
inhomogeneities in the first three quarters of the delay cham will be accounted for 1o
the calibration and will not affect the results. This is clearly better than if only the
first quarter are accounted for, o some embodiments, rather than stopping
tmmediately once the digital flag is set the calibration control circuitry will controi the
input value to 1ocrease by a certain amount. This amount will be selected such that
the delay increases beyond what is considered a reasonable length for a jitter signal.
The output of the digital comparator is then checked again to check that the digital
flag is still set and has not changed value. If it determines that it has not changed
value then it 1s determined that the clock signals are ahigned and the analogue
comparison 18 made from the wmput value that caused the digital flag to be set,

If, however, increasing the input value by the certain amount provides a
different digital flag output theu it s determained that the digital flag did not indicate
that the signals were approximately 360° out of phase but rather provided an
indication of jitter on one of the signals. The calibration process then resumes with

the input value being incremented at a particular rate until the digital flag signals
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alignment of the two signals again. At this point the jitter test can be performed again
and when the jitter test confirros that the flag was not set due to jitter then the
analogue comparison can be performed.

As noted above as cach digital coroparison can be performed very quickly the
mnput value can be increased at a fast rate as the need to hold the signal steady for a
long time between steps 15 not required for the digital comparison. When the
analogue comparison is performed each increment of the input value signal needs to
be held steady for some time while the analogue comparator settles 1o order for an
accurate result to be achieved. Typical delay steps for the digital increments are of
the order of 10 nanoseconds while for the analogue steps a delay of 500 nanoseconds
is required.

Figure 3 schematically shows a master delay locked loop DLL having a delay
chain according to an embodiment of the preseut inveotion. Delay chain 30 1o this
embodiment has 16 stages and therefore multiplexer 35 has 16 inputs that it sclects
between. Each delay stage 1s a 9-bit PVT controlled delay stage, a 9-bit input value
being varied to adjust the delay of each stage. The 9-bit PVT values are used to give a
3607 delay shift for an input frequency ranging from 400MHz to 1067MHz across
PVT. A 16:1 multiplexer is used to select a signal from a different portion of the
delay chain and therefore a signal having a different phase shift. The different stages
should be closely maiched for layout parasitics so that selecting a signal froro say Y4
of the way along the delay chain should provide a phase delay of 90° if selecting the
signal from the end provides a phase delay of 3607,

There is a single-ended to differential converter before the input and there is a
differential to single-ended converter before the output n the delay path. The bypass
path 33 therefore also has these devices and a dummy multiplexer on it such that any
difference n delays between the paths are only due to the delay chaimn 30

The digital comparator 60 n this embodiment s a D-flip flop while the
analogue comparator 70 1s similar to the analogue comparator of the prior art and
comprises an XOR gate, averaging circuitry and a comparator. This diagram does not
show the calibration control circuitry that controls the PVT signals and the select
signals of the multiplexer, but this operates in the same way as for the circuit of
Figure 2 controlling the select signal of the multiplexers, which of the analogue or
digital coraparators they are sent to and the ncrementing and decrementing of the

PVT bits, which it does using a finite state machine.
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Following calibration then the device operates as a delay locked ioop DLL
with the PVT bits set to the valoes deterroned during calibration to produce the
required phase delay. This DLL is termed a master DLL as it has the calibration
circaitry within . The calibrated valoes for the PVT bits can be used m slave DLLs
which are formed of the same components but have no calibration circuitry. In this
way the calibrated result from one DLL can be used in other slave DLLs. As noted
previously it is important that the delay stages are closely matched within a2 DLE and
strntlarly if the calibrated values are to be caleulated for one DLL and used in several,
then it is important that they the different DLLs are formed of the same components in
the same way.

Figure 4 shows the circuitry of Figure 3 during the digital coraparison stage of
the calibration. During this time the output from the 16” delay stage is selected by the
wultiplexer 35 and output to output 1. This is input to the digital comparator the D-
flip-flop 60 and the digital flag 1s monitored. The PVT bits are incremented by a
finite state machine under control of the calibration control circuitry {not shown) and
the delay of the delay stages gradually increases. Thus, the rising edge of outputl is
delaved and gets closer to the rising edge of output?. When it gets close to the rising
edge of output 2, that is within the set up time of the D- flip-flop, the digital flag
output by the flip-flop toggles from a 1 to a 0. As the digital comparator 60 can make
comparisons very quickly the finite state machine can be wcremented every 10ns and
as such incrementing in steps of 1 18 acceptable. When the digital flag toggles this
wdicates that outputl and ouiput have become at least roughly aligned that is the
rising edges of the two devices are within a predetermined time of cach other. The
finite state machine stops merementing the PVT code at this point and the delay chain
is calibrated to an approximate delay of one period of the mput clock

Figure 5 shows the clock signals of the circuit of Figure 4 during the digital
comparison. Initially they are almost aligned, the PVT codes are gradually increased
and the clock signal of cutputl is delayed, thus, the two signals move out of phase
with each other and when they get to more than 180° out of phase the digital flag goes
to 1. Digital calibration is complete when the digital flag goes from 1 to 0 indicating
that the two signals are rooving back into phase and at this point the rising edges are
aligned.

The result 1s not very accurate due to the setup time of the D-flop. Figure 6

ilhustrates this issue, and shows how the D-flip-flop will have a phase error due to the
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uncertainty in the setup time for the flip flop. This error will be corrected by the
analogue calibration which is performed later. Another source of error roay be due to
jitter on one of the signals. In order to avoid this producing a false result, rather than
swiiching to analogue calibration tmmediately that the digital flag indicates
alignment, in some embodiments, the input PVT values are increased by a set amount
and a further reading is taken to check that the digital flag stays at the 0 value and
does not switch back to 1. I it stays unchanged then the change was not due to jitter
and one can procecd with the analogue calibration.

Figure 7 shows the circuitry of Figure 3 during the analogue comparison. At
this time multiplexer 35 sclects the output from the twelfth stage which is three
guarters of the way along and is a stage where there should be a 270° phase shift if the
output has a 360" phase shift.

This output is wnput to the avalogue comparator 70 where the signal from three
guarters of the way along the delay chain and the signal from the bypass path are
compared. During analogue calibration, the fintte state machine takes the PVT code
that was obtained at the end of the digital calibration and inerements it or decrements
it until the analoguce flag flips its output. As we are taking the output at the 2707 phase
change point that is % of the way along the delay chain, and we are incrementing the
PVT values in this case and increasing the delay we are looking for the comparator to
flip s output from a to a 1, this is showo in Figare 8.

Figure 8 shows timing diagrams of the signals of Figure 7. The averaging
circuitry within analogue comparator 70 averages the armount of tume that the signals
are different for output Y and the amount of time that they are the same for output
YB. Therefore mitially as the signals are out of phase in this example the average
value of Y is far greater than the average of YB. As the delay changes they are
gradually brought together until the crossing point which 1s the point that is the final
calibration point.

It should be noted that if one has some 1dea of whether the error in the digital
comparison mway have caused the flag to be set too soon or too late, then the input
value from the digital calibration can be used and the PVT values adjusted in the
desired direction. Alternatively, a PVT value that is close to the value detected during
digital calibration but is slightly larger or smaller can be used as the starting point in

order to know in which direction the values should be changed.
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It should be noted that when comparing the average value of Y and the
average value of the joverted Y, YB as in the diagrams shown Figare 8 and Figure 1b
there is a difference in the comparisons. This is because in both cases one is
increasing the delay values and thus, in the 90° phase change of Figure 1b, the two
signals arc the same for most of the time moving to being different for most of the
tirne as one goes beyond 90°. If one starts at 270° and then goes beyond it they are
different most of the time moving to being the same most of the time. However, if
one were to perform the comparison going from beyond to 270° and decreasing the
delay then one would move from being the same most of the time to being different
nmost of the time.

Figure 9 shows a flow diagram illustrating steps i a method according to an
cembodiment of the present invention. In a first step output signals from an end of the
delay chain and the bypass signal are mput to the digital comparator. The input value
to the delay chain is then incremented and it is determined whether or not the output
of the digital coroparator has changed. If it has not then the input value to the delay
chain is incremented again and the steps are repeated until the output of the digital
comparator does change.

At this point the input value is increased by a predetermined amount and the
output of the digital comparator 15 checked to see it it changes again. If it does then
the 1oput value to the delay change s 1ncremented from this new value and the steps
of determining when the output digital comparator switches value are performed
again. This 15 because if the output of the digital covaparator changes again in
response to the increase by this predetermined amount then the original change was
not due to the signals becoming aligned but was due to jitter on one of the signals.

Once a steady change in the digital comparator has been determined then the
mput value 1s set to the value that it had when the digital comparator changed. 1t
should be noted that in some cases it may be set to a value that is slightly more or
slightly less than the value when the digital comparator changed and this may be
selected according to the systern and to the digital coraparator. Dhgital comparators
may not switch at exactly the time that the signals are aligned but may have some
skew so that they switch early or late. If this 15 known the input value that is then put
iito the analogue system can be adjusted accordingly to decrease the mumber of steps
required for alignment in the analogue comparison and to know whether fo decrement

or increment the input value.
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The output signal from three quarters of the length of the delay chain is then
input to the analogue comparator along with the bypass signal and depending on the
circumstances is cither incremented or decremented until the output of the analogue
comparator has changed value. Whether the value is incremented or decremented may
depend on the initial input value determined from the digital comparator.. As noted
previously the digital comparator switches as about the time that the signals are 360°
out of phase and are therefore aligned again. However, it may have some skew and
thus, it may switch at some distance from this point, if it is known which side ot the
point it will be it can be determined whether to increment or decrement.

Once the analogue comparator switches value then this indicates that the two
signals are out of phase by 270" three quarters of the way along the delay chain and
therefore this is an indication that onc has reached the calibration point. The analogue
comparison is far more accurate than the digital coroparnison but cach analogue
comparison takes time to scttle such that the rate of increase or decrease of the input
value needs to be made more slowly. For this reason, an mitial point close to the
switching poiut is found with the digital comparator and the analogue comparator is
used to produce an accurate result. The result determined by the analogue comparison
ts output as the calibrated value.

Although illustrative embodiments have been described in detail herein with
reference to the accompanying drawings, it is to be understood that the claims are not
fimited to those precise embodiments, and that various changes and modifications can be
effected therein by one skilled 1o the art without departing from the scope aund spivit of
the appended claims.  For example, various combinations of the features of the
following dependent claims could be made with the features of the independent

claims.
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CLAIMS

1. A calibratable delay chain comprising:

a delay chain coraprising a plurality of delay stages and adjustment circnitry
configured to vary a delay of cach of said plurality of delay stages in response to an
input value; and

calibration circuitry configured to calibrate a delay of said delay chain,
wherein said calibration circuttry coraprises:

calibration control circuitry for controlling said calibration and supplying said
tnput value to said adjustment circuitry;

output selection circuitry configured to select an output from a predetermined
point along said delay chain;

a bypass path for bypassing said delay chaing

a digital comparator configured to compare an cutput from said delay chain
and an output from said bypass path;

an analogue comparator configured to compare an output from said delay
chain and an output from said bypass path; whercin

said calibration control circuitry is configured to control said output selection
circuttry to output a signal from one pomnt on said delay chain to said digital
comparator and to change said input value to said adjustment circuitry in a first
direction at a first rate until a change in an output value of said digital comparator
value 1s detected;

said calibration control circuitry is configured to respond to said detected
change in output value of said digital comparator to control said output selection
circuitry to output a signal from a further point on said delay chain 1o said analogue
comparator and to change said input value 1 & sccond direction at a second rate
starting from a value determined by said input value at which said digital
comparator’s output value changed value, said second rate being slower than said first
rate, a change m value ouiput from said analogue comparator indicating an input

value that provides a calibrated delay.

2. A calibratable delay chain according to claim 1, wherein said analogue
comparator comprises circuitry for providing a signal indicating when said two

outputs have a same value and a signal indicating when said two outputs have

-
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different values and averaging circuitry configured to average said two signals over
time, said analogue comparator comparing said two averaged signals and detecting a
point at which a larger of said two averaged signals becomes a smaller of said two
averaged signal, such that said analogue comparator circuitry is configured to detect a

guarter phase difference between said output signals.

3. A calibratable delay chain according to claim 2, wherein said analogue
comparator Comprises:

exchlusive OR circuitry for exclusive ORing said two outputs together and an
tnverter for generating an inverted value of said exchisive OR output;

averaging circuitry for geverating an averaged value of said exclusive OR
output and an averaged value of said inverted value of said exclusive OR output; and

a comparator for comparing said two averaged values and indicating when one

of said two averaged values that was smaller than another becormes larger.

4. A calibratable delay chain according to any one of claims 1 to 3, wherein said
digital comparator is configured to determine when an output of said delay chain has a
different value to an output of said bypass path, such that a change in output value of
said digital coraparator indicates a phase difference of 360" or a whole clock cycle

between said two outputs.

3. A calibratable delay chain according to any one of clatms 1 to 4, wherein said
output sclection circuitry is configured to output a signal from an end of said delay
chain to said digital comparator and from a point three quarters of the way along said
delay chain to said analogue comparator, said digital comparator changing value in
response to said output signal being delayed by a whole clock cycle, and said
analogue comparator changing value in response to said output signal being delayed
by three quarters of a clock cycle, such that said calibrated delay for said delay chain

is & whole clock cycle delay.

6. A calibratable delay chain according to any one of claims 1 to 5, wherein said
7 =

digital comparator 18 a flip flop.
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7. A calibratable delay chain according to claim 6, wherein said digital
comparator is a I flip flop and calibration control circuitry is configured to detect sard
output of said D flip flop changing from a one to zero indicating that said two signals

are moving into alignment.

&. A calibratable delay chain according to any one of claims | to 7, wherein said

first direction and said second direction are the same direction.

9. A calibratable delay chain according to any one of claims 1 to 8, wherein said
calibration control circuitry 18 configured to perform a verification step prior to
controlling said output selection civcutlry o output a value to said analogue
comparator, satd verification step verifying that said change in output value of said
digital coraparator is due to a difference 1u output signals and vot to jitter on one of
said output signals said verification step comprising:

varying said input value further in said first direction by a predetermined
amount and determining whether said digital comparator continues to output said
changed output value, if said digital comparator continues to output said changed
output value said calibration control circuitry determunes that said detected change in
oulput valucs 18 due to a diffcrence n output signals and proceeds to conirol said

ouipul selection circuitry to output 4 value to said analogue comparator.

10. A calibratable delay chain according to claio 9, wherein said cahibration
control circuitry is configured in response to said digital comparator not continuing to
output said changed output value during said verification step to continue to increase
said input value in said first direction until a further change in output value is detected

and to perform said verification step for said further change in output value.

11, A calibratable delay chain according to any one of claims 9 and 10, wherein
said predetermined amount that said input value is wereased by in said verification
step 18 selected to change a delay in said delay chain by a time amount that is longer

than a predicted jitter pulse.
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12. A calibratable delay chain according to any one of claims 1 to 1, wherein said
outpul selection circuitry comprises a multiplexer and said adjustment circuitry

comprises binary weighted capacative load circuitry within each delay stage.

13, A calibratable delay chain according to any one of claims 1 to 12, comprising
4n delay stages where n is an integer, and wherein said digital comparator compares
an output from said delay chain after 4n delay stages that is at an end of said delay
chain and said analogue comparator compares an output from said delay chain after

3n delay stages.

14. A calibratable delay chain according to any one of claims 1 to 13, wherein sard
calibration control signal is configured to change said input value in steps and to hold
said oput value at cach value for at least ten times longer during said analogue

comparison than during said digital comparison.

i3, A delay locked loop comprising a calibratable delay chain according to any

one of ¢claims 1 o 14.

16, A method of calibrating a delay chain, said delay chain coraprising a plurality
of stages and adjustroent circuitry configured to vary a delay of cach of said plurality
of delay stages in response to an input value; said method comprising the steps of:

outputting a signal frova one poiut on said delay chain to a digital comparator;

outputting a signal from a bypass path not passing through said delay chain to
said digital comparator;

varying an input valoe to said adjustment circuitry in a first direction at a first
rate until a change in an output valuc of said digital comparator value 1s detected;

outputting a signal from a further pomt on said delay chain to an analogue
comparator;

outputting a signal from said bypass path to said analogue comparator;

varying said input value in a sccond direction at a second rate starting from a
value determined by said value at which said digital coraparator’s output value
changed value, said second rate being slower than said first rate until a change in

value output from said analogue comparator is detected,

20



using said input value that generated said change in value output as a
calibration value for said delay chaiu.
17. A method according to claim 16, comprising the further steps of:
5 prior to said step of outputting said value from a further point on said delay
chain to sa1d analogue comparator performing s verifying step of:
varying said input value to said adjustment circuitry further in said first
direction by a predetermined amount and deternuning whether said digital comparator
continues to output said changed output value; whereupon
10 if said digital comparator continucs to output said changed output value
performing said step of outputting said value from a further point on said delay chain
to said analogue comparator; and
if said digital comparator does not continue to output said changed value
performing said step of varying an mput value to said adjustment circuitry in a first
15 direction at a first ratec until g change 1o said output value of said digital comparator

value is detected again.

18. A method according to claim 17, wherein following said digital comparator

detecting a change m said output value again perfornming said verifying step again.

20
i9. A method according to any one of claims 17 and 18, wherein said
predetermined aroount that said mput value 15 increased by 1 said verifying step 1s
sclected to change a delay in said delay chain by a time amount that is longer than a
predicted jitter pulse.

25
20. A calibratable delay chain comprising:

a delay chain comprising a plurality of delay means and adjustment means for
varying a delay of cach of said plurshty of delay means in response to an input value;
and

390 calibration means for calibrating a delay of said delay chain, wherein said

calibration means comprises:
caltbration control rocans for controlling said calibration and supplying said

input value to said adjustment circuiry;
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output sclection means for selecting an output from a predetermined point
along said delay chaing

bypass means for bypassing said delay chain;

digital coraparing means for coraparing an output from said delay chain and an
output of said bypass means;

analoguc comparing means for comparing two output signals, an cutput signal
from said delay chain and an output signal from said bypass means; wherein

satd calibration control means is for controlling said cutput sclection racans to
output a signal from one point on said delay chain to said digital comparing means
and for changing said input value to said adjustinent means at a first rate until a
change in an output value of said digital coroparing meauns is detected,;

said calibration control means is for responding to said detected output of said
digital comparing means to control said output selection means to output 4 signal from
a further point on said delay chain to said analogne comparing means and to change
said input value gt a sccond rate starting from a value deterrained by said input value
at which said digital comparing means output value changed value, satd second rate
being slower than said first rate, a change in value output fromn said analogue

comparing means indicating an nput value that provides a calibrated delay.

21, A calibratable delay chain substantially as heremn before described with

reference to Figures 2 to 9 of the accompanying drawings.

22. A delay locked loop substantially as herein before described with reference to

Figures 2 to 9 of the accompanying drawings.

23, A rocthod of calibrating a delay chain substantially as herein before described

with reference to Figures 2 to 9 of the accompanying drawings.
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