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(57) ABSTRACT 

The present disclosure relates to an all digital phase locked 
loop (APDLL) that can account for variations in PVT condi
tions, and a related method of formation. In some embodi
ments, the ADPLL has a controllable time-to-digital con
verter (TDC) having a plurality of variable delay elements. 
The controllable TDC is determines a phase difference 
between a frequency reference signal and a local oscillator 
clock signal and to generate a phase error therefrom. A digi
tally controlled oscillator (DCO) varies a phase of the local 
oscillator clock signal based upon the phase error. A calibra
tion unit determines an effect of variations in PVT (process, 
voltage, and temperature) conditions based upon the phase 
error and to generate a TDC tuning word that adjusts a delay 
introduced by one or more of the plurality of variable delay 
elements to account for the variations in PVT conditions. 

20 Claims, 7 Drawing Sheets 
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PVT-FREE CALIBRATION CIRCUIT FOR 
TDC RESOLUTION IN ADPLL 

BACKGROUND 

An all-digital phase locked loop (ADPLL) is a circuit that 
locks the phase of a local oscillator clock signal, output from 
the ADPLL, to the phase of a frequency reference signal. An 
ADPLL operates as a feedback system that feeds a local 
oscillator clock signal (CKV) back to a time-to-digital 
(TDC). The TDC detects a phase difference between the local 
oscillator clock signal and a frequency reference (FREF), and 
in response to the detected phase difference drives a local 
oscillator to adjust the phase of the local oscillator clock 
signal. 

ADPLLs are configured to operate in two states, an 
unlocked or settling state and a locked or settled state. In the 
unlocked state, the TDC generates a control signal that 
changes the frequency of the local oscillator so that the phase 
of the local oscillator clock signal converges upon the phase 
of the frequency reference signal. In the locked state, the TDC 
generates a control signal that keeps the phases of the fre
quency reference signal and the local oscillator clock signal 
together. 

BRIEF DESCRIPTION OF THE DRAWINGS 

2 
details. In other instances, known structures and devices are 
shown in block diagram form to facilitate understanding. 

An all digital phase locked loop (ADPLL) may comprise a 
time-to-digital converter (TDC) configured to determine a 

5 phase difference between edges of a frequency reference 
FREF and a local oscillator clock signal CKV. FIG. 1A illus
trates a block diagram of an exemplary TDC 100. TDC 100 
comprises a first delay path 102 having a plurality of delay 
elements (e.g., inverters) 102a-102b and a parallel, second 

10 delay path 104 having a plurality of delay elements 104a-
104b. Respective delay elements 102a-102b in the first delay 
path 102 are configured to provide a first delay into a local 
oscillator clock signal CKV and respective delay elements 

15 
104a-104c in the second delay path 104 are configured to 
provide a second delay, different than the first delay, into a 
frequency reference FREF. A plurality of flip-flops 106a-
106c, positioned between the first delay path 102 and the 
second delay path 104, are configured to compare the CKV 

20 and FREF signals output from each delay element to generate 
a multi-bit digital control word indicative of a phase differ
ence between FREF and CKV. 

For example, as shown in timing diagrams 108-112 ofFIG. 
1B, the TDC will output a digital word based upon edges of 

25 the delayed CKV and FREF signals. For example, if a CKV 
signal is leading an FREF signal, an associated flip-flop will 
output a bit having a value of 1 as shown in timing diagrams 

FIGS. 1A-1B illustrate operation of a time-to-digital con- 108-110. Alternatively, if a CKV signal is lagging an FREF 
verter (TDC) in an all digital phase locked loop (ADPLL). signal, an associated flip flop will output a bit having a value 

FIG. 2 illustrates a block diagram of some embodiments of 30 of 0 as shown in timing diagram 112. The control word 
a disclosed all digital phase locked loop (ADPLL) having a controls a digitally controlled oscillator that varies a phase of 
calibration unit configured to account for variations in PVT the local oscillator clock signal CKV, so as to align edges of 
(process, voltage, and temperature) conditions. the FREF and CKV signals. 

FIG. 3 illustrates a block diagram of some embodiments of 
Time-to-digital converters are sensitive to variations in 

a more detailed example of a feedback path of a disclosed 35 
PVT (process, voltage and temperature) conditions, which APDLL comprising a disclosed calibration unit and a con-

trollable TDC. can cause delay elements within a TDC to have varying 
FIGS. 4A-4C illustrates some embodiments of a digitally delays. For example, typical delay time variation of a single 

controlled TDC core. inverter may exhibit nearly 50% variation over process and 
FIG. 5 is a graph showing some embodiments of TDC 40 temperature. Such variations in the delay can hurt TDC reso-

tuning words and corresponding TDC resolutions. lution, increasing in-band noise in the ADPLL 
FIG. 6 illustrates a diagram showing some embodiments of Accordingly, the present disclosure relates to an all digital 

the operation of a TDC core phase locked loop (APDLL) that can account for variations in 
FIG. 7 illustrates a block diagram of some embodiments of PVT conditions, and a method of related method of forma-

a calibration unit. 45 tion. The disclosedADPLL comprises a controllable time-to-
FIG. 8 illustrates a block diagram of some embodiments of digital converter (TDC) having a plurality of variable delay 

a more detailed example of a disclosed APDLL. elements. The controllable TDC is configured to determine a 
FIG. 9 is a flow diagram of some embodiments of a method phase difference between a frequency reference signal and a 

of operating anADPLL to mitigate the effect of variations in local oscillator clock signal and to generate a variable phase 
PVT conditions. 50 therefrom. A digitally controlled oscillator (DCO) is config-

FIG. 10 is a timing diagram showing simulation results of ured to vary the phase of the local oscillator clock signal 
some embodiments of an operation of a disclosedAPDLL in based upon the variable phase. A calibration unit is config-
accordance with the method of FIG. 9. ured to determine an effect of variations in PVT (process, 

DETAILED DESCRIPTION 
voltage, and temperature) conditions based upon the variable 

55 phase and to generate a TDC tuning word that adjusts a delay 
introduced by one or more of the plurality of variable delay 
elements to account for the variations in PVT conditions. The description herein is made with reference to the draw

ings, wherein like reference numerals are generally utilized to 
refer to like elements throughout, and wherein the various 
structures are not necessarily drawn to scale. In the following 60 

description, for purposes of explanation, numerous specific 
details are set forth in order to facilitate understanding. It will 

FIG. 2 illustrates a block diagram of some embodiments of 
a disclosed all digital phase locked loop (ADPLL) 200. 

ADPLL 200 comprises a reference phase accumulator 202 
configured to receive a frequency command word FCW (i.e., 
a ratio of a desired RF carrier frequency divided by a fre
quency of a frequency reference FREF; FCW=fRp'fFREF). In 
some embodiments, the reference phase accumulator 202 is 

be appreciated that the details of the figures are not intended 
to limit the disclosure, but rather are non-limiting embodi
ments. For example, it may be evident, however, to one of 
ordinary skill in the art, that one or more aspects described 
herein may be practiced with a lesser degree of these specific 

65 configured to accumulate the FCW over time and to output 
the accumulated FCW as a reference phase signal PHR. The 
reference phase signal PHR is provided, by way of a summa-
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tion element 206 and a digital loop filter 208, to a digitally 
controlled oscillator (DCO) 210 that establishes a local oscil
lator clock signal CKV. 

4 
sate for variations in PVT conditions in the ADPLL 200. By 
varying the resolution of the controllable TDC 204 the TDC 
resolution can be kept at a substantially same value under 

A first feedback loop 212 is configured to provide the local 
oscillator clock signal CKV to a controllable time-to-digital 5 

converter (TDC) 204 comprising a plurality of variable delay 
elements. The controllable TDC 204 is configured to receive 
the local oscillator clock signal CKV and the frequency ref
erence FREF. Controllable TDC 204 is configured to quantize 

different PVT conditions, reducing in-band noise of the 
ADPLL. 

In some embodiments, a control unit 218 is configured to 
selectively operate the calibration unit 216. For example, in 
some embodiments, the control unit 218 is configured to tum 
off the calibration unit 216 while the ADPLL 200 is in a 

a time difference between edges of the CKV and FREF sig- 10 

nals, and to generate a variable phase PHV based upon the 
quantized time difference. The variable phase PHV is pro
vided to summation element 206, which is configured to 
detect a phase difference between the reference phase PHR 
and variable phase PHV and therefrom to generate a phase 15 

error PHE. 

settling stage. Upon reaching a settled stage, the control unit 
218 is configured to active the calibration unit 216 to com
pensate for the effects ofPVT conditions in the ADPLL 200. 

The control unit 218 may also be configured to selectively 
provide power to the calibration unit 216 so long as the PVT 
conditions of the ADPLL 200 are not stable. For example, 
when the control unit 218 determines that the PVT conditions 

The phase error, PHE, is provided to a digital loop filter 
208, which is configured to generate a control word cw from 
the phase error PHE. The control word cw is provided to DCO 
210 as a frequency tuning word. Based upon the control word 
cw, the DCO 210 is configured to vary a frequency of the local 
oscillator clock signal CKV. Over a plurality of clock cycles, 
the control word cw drives the ADPLL 200 to enter a locked 
state by minimizing (i.e., settling) the phase error PHE. 

In some embodiments, variations in PVT (i.e., process, 
voltage, and temperature) conditions may drive differences in 
operating parameters (e.g., oxide thickness, effective channel 
length, doping concentration, etc.) of devices within the con
trollable TDC 204. Therefore, the ADPLL 200 further com
prises a second feedback path 214, extending from the output 
of summation element 206 to controllable TDC 204, which 
comprises a calibration unit 216 configured to compensate for 
variations in PVT conditions that affect operation of the con
trollable TDC 204. The calibration unit 216 is configured to 
perform TDC calibration to keep a resolution of the control
lable TDC 204 independent of the impact ofPVT conditions 
(i.e., to keep the same TDC resolution over varying PVT 
conditions). 

For example, controllable TDC 204 may have devices 
formed by a process having a fast-fast (FF) process comer. 
Such devices may cause the controllable TDC 204 to have a 
higher resolution and power consumption than designed. 
Alternatively, the controllable TDC 204 may have devices 
formed by a process having a slow-slow (SS) process comer. 
Such devices may cause the controllable TDC 204 to have a 
lower resolution and lower power consumption than 
designed. By accounting for PVT variations caused by 
devices in a FF or SS process comer, the calibration unit 216 
improves the linearity of the controllable TDC 204, while 
reducing the in-band noise and power consumption of the 
ADPLL200. 

In some embodiments, the calibration unit 216 is config
ured to account for variations in PVT conditions by monitor
ing the phase error PHE, and depending upon the monitored 
phase error PHE to generate a TDC tuning word (TTW) that 
varies a delay of one or more variable delay elements within 
the controllable TDC 204. The calibration unit 216 is able to 
detect the effect ofPVT variations based upon the phase error 
PHE, since the phase error PHE is generated from the variable 
phase PHV (which is generated by the PVT dependent con
trollable TDC 204, and therefore varies based upon changes 
in PVT conditions). 

For example, in some embodiments, the calibration unit 
216 is configured to generate a multi-bit digital TDC tuning 
word (TTW), based upon a phase error PHE, which varies a 
resolution of the controllable TDC 204 in a marmer that 
accounts for (e.g., mitigates) the phase difference to compen-

of the ADPLL are not stable, the control unit 218 is config
ured maintain power for the calibration unit 216 since TDC 
calibration. However, when the control unit 218 determines 

20 that the PVT conditions oftheADPLL are stable, the control 
unit 218 is configured to tum poweroffforthe calibration unit 
216 since TDC calibration is no longer needed to compensate 
for PVT conditions. By selectively turning off power of the 
calibration unit 216, power consumption oftheADPLL 200 is 

25 reduced. 
FIG. 3 illustrates a block diagram of some embodiments of 

a more detailed example of a second feedback path 300 (e.g., 
corresponding to second feedback path 214) of a disclosed 
APDLL. The second feedback path 300 comprises a calibra-

30 tion unit 302, a controllable time-to-digital converter (TDC) 
304, and a phase detector 306. 

The controllable TDC 304 comprises a TDC core 308 and 
a normal TDC 310. The TDC core 3 08 is configured to receive 
a local oscillator clock signal CKV, a frequency reference 

35 FREF, and a TDC tuning word (TTW). The TDC core 308 
determines a time difference between the positive edge of the 
frequency reference FREF and the local oscillator clock sig
nal CKV. The time difference is output to the normal TDC 310 
as a TDC control signal comprising a digital code. The normal 

40 TDC 310 is configured to transform the time difference into a 
variable phase PHV. In some embodiments, the normal TDC 
310 transforms the time difference into the variable phase 
PHV by comparing a TDC resolution output from the TDC 
core 308 to a target resolution. If the TDC resolution is not 

45 equal to the target resolution, the normal TDC 310 will induce 
a variable phase PHV proportional to a difference between 
the target resolution and the TDC resolution. 

The variable phase PHV is provided to the phase detector 
306, which determines a phase error between the variable 

50 phase PHV and a reference phase PHR (e.g., output from 
reference phase accumulator 202). In some embodiments, the 
phase detector comprises a summation element (e.g., corre
sponding to sUlllllation element 206). 

The phase error is provided to the calibration unit 302. 
55 Since the variable phase PHV is output from TDC 304, the 

variable phase PHV will be impacted by PVT conditions 
because the resolution (e.g., delays) of the TDC 304 is 
impacted by PVT conditions. Therefore, the calibration unit 
302 is able to determine an impact of the PVT conditions from 

60 the variable phase PHV and to generate a TDC tuning word 
(TTW) that accounts for the impact of the PVT conditions. 

For example, in some embodiments, the calibration unit 
3 02 may be configured to receive a frequency command word 
(FCW) and the phase error. The calibration unit 302 is con-

65 figured to compare the phase error to the FCW (e.g., to a 
FREF determined from the FCW), and to generate a TTW 
based upon the comparison. The phase error has a determin-
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able relationship with the FCW once the ADPLL has been 
settled. However, since the variable phase PHV is impacted 
by PVT conditions, and not the FCW is not, the determinable 
relationship varies, therefore allowing the calibration unit 
302 to determine the effect of the PVT conditions on the 5 

mation about the phase difference between the signals and 
provides for a control word that can account for variations in 
the process. 

In some embodiments, the first delay chain 402 is config
ured to receive a local oscillator clock signal CKV signal and 
the second delay chain 406 is configured to receive a fre
quency reference FREF signal. In other embodiments, the 
first delay chain 402 is configured to receive a frequency 
reference FREF signal and the second delay chain 406 is 

variable phase PHV and to generate a TTW having a value 
that varies based upon PVT variations. 

The TTW is provided to the TDC core 308, which along 
with the CKV and the FREF signals is used to generate the 
TDC control signal. In some embodiments, the TDC core 308 
comprises a plurality of programmable delay elements (e.g., 
inverters) and/or a plurality of switchable capacitors having 
values controlled by the TTW. In such embodiments, a value 
of delays introduced by the variable delay elements will 
change based upon a value of the TTW. 

In some embodiments, the calibration unit 302 comprises a 
memory element 312 configured to store a TTW from a prior 
clock cycle. For example, once PVT conditions have been 
properly compensated for (e.g., when the phase error is within 
a first threshold value of an acceptable phase error), the TTW 
may be stored in the memory element 312 (e.g., a non-volatile 
memory element) and the calibration unit 302 may be turned 
off to conserve power. In some embodiments, the calibration 
unit 302 is configured to make an adjustment to a prior TTW 
stored in memory element 312 based upon an adjustment 
determined from the phase error determined by the phase 
detector 306. For example, the calibration unit 302 may deter
mine a TTW having a value: 

TTW(t)~TTW(t-1 )+ TTW _adj(PHE) 

where TTW(t-1) is a TTW value stored in memory element 
312 from a prior clock cycle and TTW _adj(PHE) is an adjust
ment to the TTW determined by the phase error. 

FIG. 4A illustrates a block diagram of some embodiments 
of a digitally controlled TDC core 400 having a plurality of 
variable delay element comprising plurality of programmable 
delay elements 408a-408n and switchable capacitors 410a-
410n. 

10 configured to receive a local oscillator clock CKV signal. 
Variations in PVT conditions change the delay introduced 

by delay elements within the first and second delay chains, 
402 and 406. Since the resolution of the digitally controlled 
TDC core 400 is determined by a delay of the delay elements, 

15 the changes in a value of the delay introduced by the delay 
elements will change the resolution of the digitally controlled 
TDC core 400. The programmable delay elements 408a-408n 
and switchable capacitors 410a-410n are configured to intro
duce a varying delay into the second delay chain 408 that 

20 compensates for the effect of variations in PVT conditions on 
the digitally controlled TDC core 400. 

For example, the plurality of programmable delay ele
ments 408 and switchable capacitors 410 are connected to a 
bus configured to convey a multi-bit digital TDC tuning word 

25 (TTW) that controls operation of the plurality of program
mable delay elements 408 and switchable capacitors 410. By 
varying the value of the programmable delay elements 408 
and/or the switchable capacitors 410 the resolution and power 
consumption of the digitally controlled TDC core 400 can be 

30 varied to achieve a desired resolution. 
FIG. 4B illustrates an example of some embodiments of a 

programmable delay element (e.g., corresponding to 408). As 
illustrated in FIG. 4B, respective programmable delay ele
ments comprise a plurality of delay elements configured in a 

35 parallel connection by way of a plurality of switching ele
ments Sp1 -SFn· The TTW is configured to selectively operate 
one or more of the plurality of switching elements S PI-S Pn to 
vary the delay of the programmable delay element. For 
example, by closing switches Sp1 -Sp3 and opening switches 

40 Sp4 -SPn a first delay is achieved, while by closing switches 
Sp1-Sp5 and opening switches Sp6 -SPn a second delay is 
achieved. 

The digitally controlled TDC core 400 comprises a first 
delay chain 402 and a second delay chain 406. The first delay 
chain 402 comprises a plurality of delay elements 402a-402n 
connected in series to one another. The second delay chain 
406 comprises a plurality of delay elements 406a-406n con
nected in series to one another. The plurality of delay ele- 45 

ments 402a-402n are configured to introduce a different 
delay than the plurality of delay elements 406a-406n. 

FIG. 4C illustrates an example of some embodiments of a 
switchable capacitor (e.g., corresponding to 410). As illus
trated in FIG. 4C, respective switchable capacitors comprise 
a plurality of switchable capacitors configured in a parallel 
connection by way of a plurality of switching elements Sc1 -

Sen· The TTW is configured to selectively operate one or 
more of the plurality of switching elements Sc1 -Scn to vary 
the capacitance (and delay) of switchable capacitor. For 
example, by closing switches Sc1 -Sc3 and opening switches 

A plurality of arbiter circuits 404a-404n (e.g., flip-flops) 
are connected between the first delay chain 402 and the sec
ond delay chain 406. The plurality of arbiter circuits 404a- 50 

404n are configured to detect a time difference between sig
nals output from delay elements in the first delay chain 402 
and the second delay chain 406. A variable delay chain com
prising a plurality of programmable delay elements 408a-
408n and variable capacitor chain comprising a plurality of 55 

switchable capacitors 410a-410n are connected in parallel to 
the plurality of delay elements 406a-406n in the second delay 
chain 406. 

Sc4 -Scn a first capacitance (and a first delay) is achieved, 
while by closing switches Sc1-Sc5 and opening switches Sc6 -

Scn a second capacitance (and a second delay) is achieved. 
FIG. 5 is a table 500 showing a TDC resolution as a func-

tion of phase error and a TDC tuning word (TTW). Depend
ing on variations of PVT conditions the TDC resolution may 
vary. The disclosed calibration unit (e.g., calibration unit 302) 
is configured to detect such variations through the phase error In some embodiments, the delay of a delay element in the 

first delay chain 402 may be greater than the delay of a delay 
element in the second delay chain 406. Therefore, as signals 
(e.g., CKV and FREF) propagate in their respective delay 
chains, the time difference between the signals decreases in 
each stage by the difference in delays. The output of each 
stage is provided to an arbiter circuit (e.g., aD-type latch) that 
determines which pulses came first. The position in the delay 
line, at which a signal that comes first switches, gives infor-

60 and based upon a detected variations to generate a TTW that 
adjusts (e.g., increase, decrease) the TDC resolution. 

For example, as shown in table 500, a TDC resolution of7 
ps corresponds to a minimum phase error of +1-0.01 that 
results in a TTW of 128 (i.e., 10000000). Variations in PVT 

65 conditions caused by a FF process comer can cause a higher 
TDC resolution of 5 ps that correspond to a phase error of 
+1-0.15. To account for the variation in TDC resolution, the 
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calibration unit can generate a TTW from the phase error that 
has a value of 118 (i.e., 01110110). The TTW will adjust 
operation of the controllable TDC (e.g., adjust a delay value 
of one or more delay elements in the TDC core) to account for 
the variation. Alternatively, variations in PVT conditions 5 

caused by a SS process corner can cause a lower TDC reso
lution of 8 ps that correspond to a phase error of +I -0.15. To 
account for the variation in TDC resolution, the calibration 
unit can generate a TTW from the phase error that has a value 
of 68 (i.e., 01000100). The TTW will adjust operation of the 10 

controllable TDC (e.g., adjust a delay value of one or more 
delay elements in the TDC core) to account for the variation. 

8 
depending upon a desired in-band noise). The number of 
stages can then be determined by dividing the maximum 
DCO period by a minimum acceptable value of a TDC reso
lution. 

FIG. 7 illustrates a block diagram of some embodiments of 
a calibration unit 700. 

The calibration unit 700 comprises a logical NOR gate 702 
configured to receive a most significant bit (MSB) of a frac
tional part of a FCW and a most significant bit (MSB) of a 
phase error. Comparison of the MSBs determines if a TDC 
tuning word (TTW) output from the calibration unit 700 will 
increase or decrease the resolution of the controllable TDC. 
The logical NOR gate 702 is configured to generate an output 
signal based upon the comparison of the received MSBs. 

The output signal of the logical NOR gate 702 is provided 
to a selection input node of a multiplexor 706. The multi
plexor 706 is further comprises a first input node IN 1 config
ured to receive a fractional part of a phase error PHE_F and a 
second input node IN2 connected to a signal inverter block 

It will be appreciated that the disclosed calibration unit 
may account for variations in PVT conditions by adjusting the 
delay cells and/or switchable capacitors. For example, ifPVT 15 

conditions cause a small variation in resolution (e.g., a reso
lution of 7.5 ps) the delay cells may be adjusted without 
adjusting the switchable capacitors, while ifPVT conditions 
cause a large variation in resolution (e.g., a resolution of 4.5 
ps) the delay cells and capacitors may both be adjusted. 20 704 and configured to receive a fractional part of the phase 

error having an opposite sign. Depending on the output of the 
NOR-gate 702, the multiplexor 706 will output a fractional 
part of the phase error or an inverted value of the fractional 
part of the phase error to first filtering element comprising an 

FIG. 6 illustrates a diagram showing operation of some 
embodiments of a TDC core 602. 

TDC core 602 comprises a plurality of programmable 
delay elements 604a-604n and a plurality of switchable 
capacitors 608a-608n connected in parallel with a first delay 
chain having a plurality of delay elements 606a-606n. The 
first delay chain is configured to receive a local oscillator lock 
signal CKV, while a second delay chain comprising a plural-
ity of delay elements 610a-610n is configured to receive a 
frequency reference FREF. In some embodiments, the plural
ity of programmable delay elements 604a-604n are con
nected in series to one another and the plurality of switchable 
capacitors 608a-608n are connected in parallel to nodes 
located between adjacent progrmable delay elements 
604a-604n. 

The stage number of the TDC core 602 (i.e., the number of 
active variable delay elements in TDC core 602) is equal to 
the maximum value of a DCO period divided by the minimum 
value ofTDC resolution. Therefore, there is an inverse rela
tionship between the number of stages and the resolution (i.e., 
as the number of stages decreases the resolution increases). 
Therefore, the resolution of the TDC core 602 can be varied 
by changing the number of stages. 

For example, for a process having a fast-fast (FF) process 
corner the devices within the TDC core 602 work at relatively 
fast clock speeds. Therefore, the resolution of the TDC core 
602 is better (i.e., numerically lower) than designed (e.g., than 

25 infinite impulse response (IIR) filter 708. 
The IIR filter 708 is configured to filter the received signal 

according to one or more filter coefficients A to generate an 
error in the TTW. In some embodiments, the IIR filter 708 
comprises a summation element 710 and a delay element 712 

30 (e.g., a latch). A filter feedback path extends from the delay 
element 712 to a filter 714 that is configured to filter the 
delayed signal (according to filter coefficients A) and provide 
it to the summation element 710, which generates an error in 
the TTW by adding the filtered delayed signal to the input 

35 signal. 
The error in the TTW is provided to a second filtering 

element 716 that is configured to receive the error in the TTW 
and to generate an updated TTW from the error. In some 
embodiments, the second filtering element 716 is configured 

40 to filter the error in the TTW according to filter coefficients 
MU, which corresponds to a step size of the calibration unit 
(i.e., a size of changes in the TTW). The filtered signal is 
provided to a summation element 718 and delay element 720. 
A filter feedback path 722 extends from the delay element 720 

45 to the summation element 718, which generates a TTW by 
adding the delayed signal to the input signal. 

a TDC operating at a typical-typical (TT) comer). To reduce 
the power consumption of a TDC core 602 having a FF 
process comer, the number of stages can be reduced (e.g., by 50 

selectively opening one or more switches associated with one 

FIG. 8 illustrates a more detailed example of some embodi
ments of a disclosed all digital phase locked loop (ADPLL) 
800. 

ADPLL 800 comprises a reference phase accumulator 202 
configured to provide a reference phase PHR to a summation 
element 206. The summation element 206 is configured to 
compare the reference phase PHR to a fractional part of an 
integer variable phase PHV _F which is received from a con-

or more switchable capacitors 608a-608n) so as to reduce the 
resolution of the TDC and the power consumption of the TDC 
core 602. 

Similarly, for a process having a slow-slow (SS) process 
corner the devices within the TDC core 602 work at relatively 
slow clock speeds. Therefore, the resolution of the TDC core 
602 is worse (i.e., numerically higher) than designed (e.g., 
than a TDC operating at a typical-typical (TT) corner). To 
increase the resolution of a TDC core 602 having aSS process 
corner, the number of stages can be increased (e.g., by selec
tively closing one or more switches associated with one or 
more programmable delay elements 604a-604n) so as to 
increase the resolution of the TDC core 602. 

55 trollable TDC 806. Based upon the comparison, the summa
tion element 206 generates a phase error PHE. 

The phase error, PHE, is provided to a digital loop filter 
208. The digital loop filter 208 is configured to generate a 
control word cw based upon the phase error. In some embodi-

60 ments, the digital loop filter 208 is configured to selectively 
perform type-I and type-II frequency settling. For example, 
the digital loop filter 208 may be configured to operate in a 
type-I ADPLL frequency settling mode to enable quick fre-

In some embodiments, the disclosed TDC calibration unit 65 

(e.g., TDC calibration unit 302) is configured to determine a 
maximum period of a DCO and a target TDC resolution (e.g., 

quency settling. In the type-I ADPLL frequency settling 
mode, the phase error is provided to one or more FIR filters 
within the digital loop filter 208. Once the frequency has been 
settled, the digital loop filter 208 may be configured to switch 
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to a type-II ADPLL phase settling to enable higher order 
signal and noise filtering. In the type-II ADPLL frequency 
settling mode, the phase error is provided to one or more IIR 
filters. 

The control word cw is provided to a gear shifting element 5 

802 (e.g., a single gear shifting element or a double gear 
shifting element) configured to shift between an initial loop 
gain value and a final loop gain value. The gear shifting 
element 802 controls operation of a digitally controlled oscil
lator (DCO) 210. The DCO outputs a local oscillator clock 10 

signal CKV. 
The local oscillator clock signal CKV is provided to a 

counter 804, which increments on each active edge (i.e., 
rising or falling) of the local oscillator clock signal CKV to 
produce an integer variable phase, PHV _I, which is provided 15 

to summation element 206. The local oscillator clock signal 
CKV is also provided to the TDC core 308, which determines 
a time difference between the positive edge of the frequency 
reference FREF and the local oscillator clock signal CKV. 
The time difference is output to the normal TDC 310 as a TDC 20 

control signal comprising a digital code. 
In some embodiments, the output of the TDC core 308 is 

provided to the normal TDC 310 by way of a decimation filter 
810. The decimation filter810 may comprise a low pass filter 

10 
tion determines if the phase is settled. If the frequency is not 
settled, the type-I ADPLL frequency settling (act 906) is 
repeated until the frequency is settled. If the frequency is 
settled, the method 900 proceeds to act 910. 

At act 910, a time-to-digital converter (TDC) calibration is 
performed. The TDC calibration determines an effect of 
variations in PVT conditions on theADPLL and generates a 
TDC tuning word (TTW) that mitigates the effects. In some 
embodiments, the TDC calibration determines an effect of 
variations in PVT conditions. 

In some embodiments, the TDC calibration is performed 
by measuring a phase error between a variable phase PHV 
output from a time-to-digital converter (TDC) and a fre
quency reference signal FREF, at act 912. The affect of varia
tions in PVT conditions are determined from the phase error, 
at act 914. The TTW is generated based upon the determined 
affects that adjusts a resolution of the controllable TDC to 
mitigate an effect of the variation in PVT conditions, at act 
916. In some embodiments, the TTW _adjusts a delay intro
duced by one or more of the plurality of variable delay ele
ments within the controllable TDC to mitigate the effect of 
the variations in PVT conditions. 

At act 918, a type-II ADPLL frequency settling may 
optionally be performed. Type-II ADPLL frequency settling 
(i.e., having a single integrating pole achieved using FIR 
filters in the ADPLL) provides for higher order signal and 
noise filtering during a settled stage oftheAPDLL operation. 

At act 920, the method 900 may optionally determine if the 
phase is settled. In some embodiments, the method deter-

(e. g., having a pass band below 1 00 Hz) configured to reduce 25 

a sampling rate of the signal output from the TDC core 308. 
The normal TDC 310 transforms the time difference into the 
fractional part of the integer variable phase PHV _F which is 
provided to summation element 206. The summation element 
206 adds the fractional part of the variable phase, to the 
integer part of the variable phase and the reference phase to 
generate a phase error PHE. 

The phase error PHE is provided to the calibration unit 216, 
which is configured to compare the phase error PHE to a 
frequency control word FCW. From the comparison, the cali- 35 

bration unit 216 generates a TDC tuning word (TTW) that is 
provided to the TDC core 308. The TTW varies the delay of 
one or more variable delay elements within the TDC core 308, 

30 mines if the phase is settled by comparing the phase error to 
a first predetermined threshold value. If the phase is settled 
the method 900 proceeds to act 922. If the phase is not settled, 
the method 900 returns to act 910. 

as explained above. 

At 922, the method 900 determines if the PVT conditions 
are settled. In some embodiments, the method determines if 
the PVT conditions are settled by comparing the phase error 
to a second predetermined threshold value. If the PVT con
ditions are settled the method 900 proceeds to act 924. If the 
PVT conditions are not settled the method 900 returns to act 

FIG. 9 is a flow diagram of some embodiments of a method 
900 of operating an all digital phase locked loop (ADPLL) to 
mitigate variations due to PVT conditions. 

40 910 where another TTW word is generated to account for 
PVT variations. 

While the disclosed method 900 is illustrated and 
described below as a series of acts or events, it will be appre
ciated that the illustrated ordering of such acts or events are 
not to be interpreted in a limiting sense. For example, some 
acts may occur in different orders and/or concurrently with 
other acts or events apart from those illustrated and/or 
described herein. In addition, not all illustrated acts may be 
required to implement one or more aspects or embodiments 
of the description herein. Further, one or more of the acts 
depicted herein may be carried out in one or more separate 
acts and/or phases. 

At 924, a current TTW is stored in a memory element and 
the TDC calibration may be turned off. Since the PVT con
ditions are stable, the current TTW will not change and there-

45 fore changes to the current TTW will occur. Furthermore, by 
turning of the TDC calibration, the method conserves power 
oftheAPDLL. 

FIG. 10 illustrates timing diagrams 1000-1004 showing 
simulation results of some embodiments of an operation of a 

50 disclosedAPDLL in accordance with the method of FIG. 9. 

At act 902, an all digital phase locked loop (ADPLL) 
comprising a plurality of variable delay elements is turned on 55 

and a frequency command word (FCW) is set to a value. 
Turning on the ADPLL provides power to the APDLL. The 
FCW defines a desired frequency of the APDLL 

At act 904, the APDLL achieves a settled state. In the 
settled state, the phase of the output oftheAPDLL, CKV, and 60 

the phase of the FCW are equal. 
In some embodiments, theAPDLL is settled by performing 

a type-I ADPLL frequency settling, at 906. Type-I ADPLL 
frequency settling (i.e., having a single integrating pole 
achieved using FIR filters in the ADPLL) provides for a 65 

relatively fast frequency/phase acquisition during a settling 
stage of the APDLL operation. At act 908, the TDC calibra-

A first time period, P1, extends from time t=O us to time 
t=25 us. During the first time period, P1, a frequency com
mand word (FCW) is set to a value and the APDLL is turned 
on (timing diagram 1000). Type-I APDLL settling quickly 
reduces the phase error PHE. The TDC tuning word has a 
value 1006 that provides for a resolution of 8.4 ps. 

A second time period, P2, extends from time t=25 us to 
time t=53 us During the second time period, P2, a control 
signal changes values (timing diagram 1004) to turn on the 
TDC calibration. The TDC calibration causes the TDC tuning 
word (TTW) to increase to account for variations in PVT 
conditions (timing diagram 1002). 

A third time period, P3, extends from time t=54 us to time 
t=85. During the third time period, P3, type-II ADPLL set
tling occurs. As shown in timing diagram 1000, the type-II 
settling causes the PHE to remain at a constant value. The 
constant value indicates that the phase has settled and that that 
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PVT conditions have settled. Therefore, the TDC word (tim
ing diagram 1002) is held at a constant value 1008. The 
constant value 1008 provides for a resolution of 7.0 ps. 

It will be appreciated that equivalent alterations and/or 
modifications may occur to one of ordinary skill in the art 
based upon a reading and/or understanding of the specifica
tion and annexed drawings. The disclosure herein includes all 
such modifications and alterations and is generally not 
intended to be limited thereby. 

In addition, while a particular feature or aspect may have 10 

been disclosed with respect to one of several implementa
tions, such feature or aspect may be combined with one or 
more other features and/or aspects of other implementations 
as may be desired. Furthermore, to the extent that the terms 
"includes", "having", "has", "with", and/or variants thereof 15 

are used herein, such terms are intended to be inclusive in 
meaning-like "comprising." Also, "exemplary" is merely 
meant to mean an example, rather than the best. It is also to be 
appreciated that features, layers and/or elements depicted 
herein are illustrated with particular dimensions and/or ori- 20 

entations relative to one another for purposes of simplicity 
and ease of understanding, and that the actual dimensions 
and/or orientations may differ from that illustrated herein. 

Therefore, the present disclosure relates to an all digital 
phase locked loop ( APD LL) that can account for variations in 25 

PVT conditions, and a method of related method of forma
tion. 

In some embodiments, the present disclosure relates to an 
all digital phase locked loop (ADPLL). The APDLL com
prises a controllable time-to-digital converter (TDC) config- 30 

ured to determine a phase difference between a frequency 
reference signal and a local oscillator clock signal and to 
generate a variable phase therefrom. The ADPLL further 
comprises a digitally controlled oscillator (DCO) configured 
to vary the phase of the local oscillator clock signal based 35 

upon the variable phase. The ADPLL further comprises a 
calibration unit configured to determine an effect of varia
tions in PVT (process, voltage, and temperature) conditions 
based upon the variable phase, and to generate a TDC tuning 
word that adjusts a resolution of the controllable TDC to 40 

account for the effect of variations in PVT conditions 
In other embodiments, the present disclosure relates to an 

all digital phase locked loop (ADPLL). The ADPLL com
prises a controllable time-to-digital converter (TDC) having a 
plurality of variable delay elements, wherein the controllable 45 

TDC is configured to determine a phase difference between a 
frequency reference signal and a local oscillator clock signal 
and to generate a variable phase therefrom. The ADPLL 
further comprises a phase detector configured to determine a 
phase error comprising a difference between the variable 50 

phase and a reference phase received from a reference phase 
accumulator. The ADPLL further comprises a digitally con
trolled oscillator (DCO) configured to vary the phase of the 
local oscillator clock signal based upon the phase error. The 
ADPLL further comprises a calibration unit configured to 55 

determine an effect of variations in PVT (process, voltage, 
and temperature) conditions based upon the phase error, and 
to generate a TDC tuning word that adjusts a delay introduced 
by one or more of the plurality of variable delay elements to 
mitigate an effect of the variations in PVT conditions. 60 

In other embodiments, the present disclosure relates to a 
method. The method comprises providing power to an all 
digital phase locked loop (APDLL) comprising a controllable 
time-to-digital converter (TDC) comprising a plurality of 
variable delay element. The method further comprises oper- 65 

ating the controllable TDC to determining a phase difference 
between a frequency reference signal and a local oscillator 

12 
clock signal and to generate a variable phase therefrom. The 
method further comprises determining an effect of variations 
in PVT (process, voltage, and temperature) conditions based 
upon the phase error. The method further comprises generat
ing a TDC tuning word that adjusts a resolution of the con
trollable TDC to mitigate an effect of the variations in PVT 
conditions. 

What is claimed is: 
1. An all digital phase locked loop (ADPLL), comprising: 
a controllable time-to-digital converter (TDC) configured 

to determine a phase difference between a frequency 
reference signal and a local oscillator clock signal and to 
generate a variable phase therefrom; 

a digitally controlled oscillator (DCO) configured to vary 
the phase of the local oscillator clock signal based upon 
the variable phase; and 

a calibration unit configured to determine an effect of 
variations in PVT (process, voltage, and temperature) 
conditions based upon the variable phase, and to gener
ate a TDC tuning word that adjusts a resolution of the 
controllable TDC to account for the effect of variations 
in PVT conditions. 

2. The ADPLL of claim 1, further comprising: 
a phase detector configured to determine a phase error 

comprising a difference between the variable phase and 
a reference phase received from a reference phase accu
mulator; and 

a digital loop filter is configured to receive a phase error and 
to generate a control word from the phase error, which 
controls operation of the DCO. 

3. The ADPLL of claim 2, further comprising: 
a control unit configured to tum off power to the calibration 

unit if the phase error is within a first threshold value of 
an acceptable phase error. 

4. The ADPLL of claim 2, further comprising: 
a memory element configured to store one or more TDC 

tuning words if the phase error is within a first threshold 
value of an acceptable phase error. 

5. The ADPLL of claim 2, wherein the calibration unit is 
configured to vary the resolution of the controllable TDC in a 
manner proportional to the phase error. 

6. The ADPLL of claim 2, wherein the calibration unit 
comprises: 

a multiplexor configured to receive the phase error and an 
inverted phase error having an opposite sign of the phase 
error; 

a logical NOR gate configured to generate a control signal 
provides an output of the multiplexor to a first filtering 
element configured to generate an error in the TDC 
tuning word; and 

a second filtering element configured to receive the error in 
the TDC tuning word and to generate an updated TDC 
tuning word from the error in the TDC tuning word. 

7. TheADPLL of claim 2, wherein the digitally controlled 
TDC comprises: 

a TDC core configured to receive the TDC tuning word, the 
local oscillator clock signal, and the frequency reference 
signal, and to determine a time difference between the 
local oscillator clock signal and the frequency reference 
signal that varies as a function of the TDC tuning word; 
and 

a normal TDC configured to compare an output of the TDC 
core to a target resolution, wherein if the target resolu
tion is not equal to the TDC resolution the normal TDC 
varies a value of the variable phase based upon the 
comparison. 
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8. The ADPLL of claim 7, wherein the TDC core com
prises: 

a first delay chain comprising a plurality of delay elements 
connected in series, wherein the first delay chain is con
figured to receive the frequency reference signal; 

a second delay chain comprising a plurality of delay ele
ments connected in series, wherein the second delay 
chain is configured to receive the local oscillator clock 
signal; 

a variable delay chain connected in parallel with the second 10 

delay chain and comprising a plurality of programmable 
delay elements; and 

a variable capacitor chain connected in parallel with the 
second delay chain and comprising a plurality of swit-
chable capacitors. 15 

9. The ADPLL of claim 8, wherein: 
the TDC tuning word is configured to selectively operate a 

number of the programmable delay elements or the digi
tally controlled switch capacitors to vary achieve a reso-
lution corresponding to the phase error. 20 

10. The ADPLL of claim 7, wherein the TDC core com
prises: 

a first delay chain comprising a plurality of delay elements 
connected in series, wherein the first delay chain is con-
figured to receive the clock signal; 25 

a second delay chain comprising a plurality of delay ele
ments connected in series, wherein the second delay 
chain is configured to receive the reference signal; 

a variable delay chain connected in parallel with the second 
delay chain and comprising a plurality of programmable 30 

delay elements; and 
a variable capacitor chain connected in parallel with the 

second delay chain and comprising a plurality of swit
chable capacitors. 

11. TheADPLL of claim 1, 35 

wherein the controllable time-to-digital converter (TDC) 
comprises a plurality of variable delay elements; and 

wherein the calibration unit is configured to vary the reso
lution of the controllable TDC by adjusting a value of a 
delay introduced by one or more of the plurality of 40 

variable delay elements. 
12. The APDLL of claim 1, wherein the calibration unit is 

configured to determine a number of stages by dividing a 
maximum period of the DCO by a target TDC resolution. 

13. An all digital phase locked loop (ADPLL ), comprising: 45 

a controllable time-to-digital converter (TDC) having a 
plurality of variable delay elements, wherein the con
trollable TDC is configured to determine a phase differ
ence between a frequency reference signal and a local 
oscillator clock signal and to generate a variable phase so 
therefrom; 

a phase detector configured to determine a phase error 
comprising a difference between the variable phase and 
a reference phase received from a reference phase accu
mulator; 

14 
a digitally controlled oscillator (DCO) configured to vary 

the phase of the local oscillator clock signal based upon 
the phase error; and 

a calibration unit configured to determine an effect of 
variations in PVT (process, voltage, and temperature) 
conditions based upon the phase error, and to generate a 
TDC tuning word that adjusts a delay introduced by one 
or more of the plurality of variable delay elements to 
mitigate the effect of the variations in PVT conditions. 

14. TheADPLL of claim 13, wherein the TDC tuning word 
comprises a multi-bit digital word. 

15. A method, comprising: 

providing power to an all digital phase locked loop (AP
DLL) comprising a controllable time-to-digital con
verter (TDC) comprising a plurality of variable delay 
element; 

operating the controllable TDC to determining a phase 
difference between a frequency reference signal and a 
local oscillator clock signal and to generate a variable 
phase therefrom; 

determining an effect of variations in PVT (process, volt
age, and temperature) conditions based upon the vari
able phase; and 

generating a TDC tuning word that adjusts a resolution of 
the controllable TDC to mitigate an effect of the varia
tions in PVT conditions. 

16. The method of claim 15, wherein the TDC tuning word 
adjusts a delay introduced by one or more of the plurality of 
variable delay elements within the controllable TDC to miti
gate the effect of the variations in PVT conditions. 

17. The method of claim 16, further comprising: 

determining a maximum period of a digitally controlled 
oscillator configured to generate the local oscillator 
clock signal; 

determining a target TDC resolution; and 

dividing the maximum period of the digitally controlled 
oscillator by the target resolution to determine a number 
of active variable delay elements in the controllable 
TDC. 

18. The method of claim 15, further comprising: 

determining a phase error comprising a difference between 
the variable phase and a reference phase received from a 
reference phase accumulator; and 

determining a value of the TDC tuning word based upon 
the phase error. 

19. The method of claim 18, wherein the resolution is 
adjusted in a marmer proportional to the phase error. 

20. The method of claim 18, further comprising: 

storing the TDC tuning word if the phase error is within a 
first threshold value of an acceptable phase error. 

* * * * * 


