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for transmitter and receiver circuitry. Clock and LO signals are often generated with
phase-locked loops.

[1004] FIG. 1 shows a classical PLL 100, which consists of a phase frequency
detector (PFD) 110, a loop filter 120, a voltage controfled oscillator (VCO) 140, and a
divider 150. VCO 140 generates an oscillator signal having a frequency determined by
a control signal from loop filter 120. Divider 150 divides the oscillator signal in
frequency by a factor of N, where N =1, and provides a feedback signal. Phase
frequency detector 110 receives a reference signal and the feedback signal, compares
the phases of the two signals, and provides a detector signal that is proportional to the
detected phase difference or error between the two signals. Loop filter 120 filters the
detector signal and provides the control signal for VCO 140. Loop filter 120 adjusts the
control signal such that the phase of the feedback signal is locked to that of the
reference signal.

[1005] For an analog PLL, the loop filter is implemented with analog circuit

components (e.g., capacitors and resistors). An analog PLL design is prone to various
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009] In one specific enbodinent, the innovative digital
Pptrformhemles an adaptive PFD, an adaptive loop filter (LF),
a current digital-to-anal og converter (MAC), a current
controlled oscillator (1CO, and a divider. The adaptive PFD
receives a reference signguyMmRyfeedback signal, conpares

the phases of these two signals to
[1008}) A compact, low-power, low-jitter digital PLI having improved performance

over the classical analog PLL and other conventional digital PLLs is provided herein.
The innovative digital PLL implements several techniques to achieve high frequency
accuracy and wide loop bandwidth.

{10091 In one specific embodiment, the innovative digital PLL includes an adaptive
PFD, an adaptive loop filier (LF), a current digital-to-analog converter (iDAC), a
current controlled oscillator (ICO), and a divider. The adaptive PFD receives a
reference signal and a feedback signal, compares the phases of these two signals to
determine the phase error between the signals, and provides a PFD value for each phase
comparison period (defined below). The magnitude of the PFD value is dependent on a
detector gain, which can be adjusted to achieve both fast frequency acquisition when the
digital PLL is not locked and reduced jitter when the digital PLL is locked.
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device (e.g., a cellular phone) and other electronic devices. Various aspects and

embodiments of the invention are described in further detail below.

BRIEF DESCRIPTION OF THE DRAWINGS
[1013]  The features and nature of the present invention will become more apparent
from the detailed description set forth below when taken in conjunction with the
drawings in which like reference characters identify correspondingly throughout and
wherein:
[1014]  FIG. 1 shows a classical PLL;
[1015]  FIG. 2 shows a compact, low-power, low-jitter digital PLL;
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is not necessarily to be construed as preferred or advantageous over other embodiments
or designs.

[1027]  FIG. 2 shows a block diagram of a compact, low-power, low-jitter digital
PLL 200. Digital PLL 200 includes an adaptive PFD 210, an adaptive loop filter 220,
an iDAC 230, an ICO 240, and a divider 250.

[1028]  Adaptive PFD 210 receives a reference signal and a feedback signal,
compares the phases of the reference and feedback signals, and provides a PFD output.
The PFD output comprises a sequence of PFD values, with each PFD value being
dependent on the detected phase difference or error between the reference and feedback
signals and a detector gain. Adaptive PFD 210 also provides a detector output, which
comprises a sequence of phase error values. Each phase error value indicates whether
the reference signal is early or late with respect to the phase of the feedback signal.
Adaptive PFD 210 provides fast frequency tuning, less jitter, and other advantages, as
described below.

[1029]  Adaptive loop filter 220 receives the PFD output from adaptive PFD 210,
filters the PFD output with an adaptive loop filter response, and provides a loop filter

(LF) output. Adaptive loop filter 220 aiso receives the detector output and detects for
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of DFFs 312a and 312b provide the Sl and S2 signals, respectively. An inverter 314a receives and
inverts the Sl signal and provides an S1b signal to the data input of a latch 316a and the clock
input of a latch 316b. An inverter 314b receives and inverts the S2 signal and provides an S2b
signal to the data input of latch 316b and the clock input of latch 316a. Latches 316a and 316b are
thus cross-coupled by the Slb and S2b signals. The Q output of latch 3 16a provides an INC signal,
and the Q output of latch 316b provides a DEC signal.
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provides a logic high on the INC signal. The logic low on the SI signal also disables
latch 316b, and the logic high on the S1b signal causes the CLK signal to transition to
logic high.
{1036] A leading edge appears on the feedback signal at time T;. This leading edge

causes the S2 signal to transition to logic low and the S2b signal to transition to Jogic
high. Since latch 316b is disabled by the logic low on the S1 signai, the DEC signal
does not change state when the S2b signal transitions to logic high.

[1037]  The Restart signal is a delayed version of the CLK signal. After a delay of
AT, from the leading edge of the CLK signal, the Restart signal transitions to logic

high at time Ts4. The logic highs of the S1b, S2b, and Restart signal cause the S3 signal
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S(1650)2P PRBECEiAL DR Y0 FIESS FIAF 320 H'Rbetdy' Plogle/hifh on HRSPRERA,
which requires the S1b, S2b, and Restart signals to be at logic high. The S1b and S2b

signals are brought to logic high by leading edges on the reference and feedback signals,

respectively. The Restart signal is a delayed version of the CLK signal, which is
brought to logic high by the first leading edge on either the reference or feedback signal.
The delay AT, ., is a fixed value and selected such that adaptive loop filter 220 and

iDAC 230 are given sufficient amounts of time to process each PFD value. In FIG. 4, if
the Restart signal transitions to logic high before the leading edge on the feedback
signal, then reset circuitry 320 waits for the leading edge on the feedback signal before
resetting PFD 310. A new phase comparison period starts whenever PFD 310 is reset.
Fach phase comparison period generally corresponds to one period of the slower of the

reference and feedback signals. Each phase comparison period includes one leading



early with respect to the phase of the feedback signal).
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is indicated by both INC and DEC signals having the same logic value. The range of

- phase difference or error in which the PFD is not able to resolve the phase error is often
referred to as a “‘dead zone” of the PFD.
[1043]  Scaling unit 340 receives the INC and DEC signals from PFD 310 and a
detector gain Xp from control unit 350 and derives the PFD output based on these
inputs. Within scaling unit 340, a summer 342 subiracts the DEC signal from the INC
signal and provides the difference between these two signals. A multiplier 344 receives
and scales the output of summer 342 with the detector gain Xp and provides the PFD
output.



| at ched with another set of latches (not shown in FIG 3) to
avoid neta-stability caused by the Si and S2 signals
woomkiosg2si nul t aneously. [ 10421 The | NC and DECTaigio@lesodeer m
a detector signal, which contajns one phase error value for
each phase conparison period. Each phase error val ue can be

Bl < s Prld 210 Provies Symilicbt BFEvalcs o dine RED Gughictor

| SachPhbit WntAribGSPaTdd. el sith SRS PFDf il.eqdha 9,5@3
whi cﬁihi s r#oalinc(gtised by %elécf)%li ¢ high O‘F\éh?ﬁ%'ei’NC s?%%n(gﬁp an tgn

| thyistgn Wd\the phash errDEbRiwatnthe referenhownd faedbdekGignals. The Rifiasatue
error._value Jjs DEC value if the phase of the .reference
15gh RPftLe Valup 407, A mpsiive plabe et5or R 35 Hheopase E Thecpkfize of the
Stdférehce siftiaths ey With Gajpest tbxh@ﬁhz@ Iof the BdbR dfa1 BEGhown in
signal and _a logic low on the INC signal. The phase error
vﬁf’fé}é-i Jdhe PFR valug a8 amegdtivervalyshios @ negativee phase erronc dVbdtherahe

I s Cl |y _al.i-gned wit.h th se.of,.th f eedhack sj

A B0 gBHR B el botth RStk tr B o aRE u3he R e
NDEC dadle ThémapaihfdRlgdhdPFDO el iNderRHinel bythe Ak stof gith X9,
the sane | ogic value. The range of phase difference or
eTheoPFDvalue; OFD, hemPFbe expressed abl e t o resol ve the phase
error is often referred to as a "dead zone" of the PFD.

[ 10431 Scali né unit 340 receives the INC and DEC signals

from P:;%ilo nkl, a if dNCeelogic bighrAND DEGhs togid tow, uni %%%30
and de 8 “tTheyPF ut %?Hﬁ 4] . W
scaling unit b Ef%ﬁn(?rerb@ggg%u racts Thdﬁ%&?’si gnal from

the INC signal and provides the difference between these
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g 21? %ﬁd%;t'% ea%h%?ea {‘alsﬁfeﬁ'%ag{eeg&a ) iuij;édoﬁ. '_ &Q%eﬁﬁ?nc‘ﬁz%ﬁg ﬁay be enabled
when the digital PLL is operating in the acquisition mode or triggered by some other
event. With binary frequency tuning, the detector gain K is initially set to a maximum
value of Kpma: to provide large PFD values for the PED output. This allows the digital
| PLL to more quickly adjust the ICO to track out the phase error. Whenever a change in
phase error polarity is detected, the detector gain Kp is reduced. A change in phase
error polarity occurs if (1) the phase of the reference signal changes from being early to
being late with respect to the phase of the feedback signal or (2) the phase of the
reference signal changes from being late to being early. A change in phase error
polarity can be detected based on the logic values on the INC and DEC signals. In any
case, the smaller detector gain Kp reduces the magnifude of the PFD values
correspondingly, and the digital PLL adjusts the ICO more slowly. The process

continues until the detector gain Kp reaches a minimum value of Kpy;,. At this point,



The PFD value, PFDO,,, , may be expressed as: PFDa KD if |INC

w(ﬂh@gzthNDDEC—loglclow Eq KleDEC-Ioglc hlgfé
— oglc low. | ) [1045] Control circuit? S
the detector gain KD for scali unit 340. During an

acqui sition phase, which nmay be entered when digital PLL 200
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error 1s an INC value, indicating no change in the phase error polarity, then the process

returns to step 530. Otherwise, if the phase error is 2a DEC value, indicating a change in
the phase error polarity and possibly an over adjustment of the feedback signal phase,
then the detector gain Kp is decreased (step 534). A determination is then made
whether or not the detector gain X is equal to the minimum value of Kp, (Step 536).
The process terminates if the answer is ‘yes’ and proceeds to step 520 otherwise.

[1050]  To simplify the implementation of binary tuning algorithm, the detector gain
Kp may be selected to be powers of two. The detector gain K may be reduced by a
factor of two whenever a change in the phase error polarity is detected. However, the
detector gain Kp may also be reduced by some other amounts. If the PFD value is a B-
bit value, then the maximum value Kp,,, may be set equal to the one-half of the most

significant bit (to account for positive and negative PFD values), and the minimum
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scaled PFD value to summer 618. K; and K are referred to as the accumnulator path

gain and the forward or direct path gain, respectively. Summer 618 combines the scaled
accumulated value with the scaled PFD value and provides the LF output.

[1054}  As indicated in FIG. 2, the closed loop response of digital PLL 200 is
influenced by delays introduced by the various units that make up the digital PLL. In
particular, the loop bandwidth of the digital PLL is limited by the total delays for all of
the units within the closed loop of the digital PLL. For a given loop bandwidth, more
delay can also increase the likelihood of loop instability. Thus, to attain a wide loop
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from adaptive PFD 210, which is simply a delayed version of the CLK signal shown in
FIG. 4. Loop filter 710 is thus updated shortly after a new PFD value is received from
adaptive PFD 210. A multiplier 716 receives and scales the output value from latch 714
with the loop filter gain K; and provides a scaled accumulated value to a CLA 718.

Similarly, multiplier 720 scales the PFD value with the loop filter gain Ky and provides
a scaled PFD value to CLA 718. CLA 718 combines the scaled accumulated value with
the scaled PFD value and provides the LF output. CLAs 712 and 718 can be
implemented in a manner known in the art. An exemplary implementation of the cairy-
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block 810 that analyzes the phase errors from PFD 310 and a block 830 that adjusts the

loop bandwidth and/or damping based on the results of the phase error analysis.

[1061] A phase error is received from PFD 310 and the value of the phase error 1s
determined as either an INC vaiue or a DEC value (step 812). A large phase error
between the reference and feedback signals is then detected (step 814). In one
embodiment, a large phase error is detected by counting the number of consecutive INC
and DEC values. For this embodiment, a counter N, is reset to zero whenever a
change in phase error polarity is detected and incremented by one otherwise. A
determination is then made whether or not a large phase error is detected (step 816).
For the above embodiment, a large phase error may be declared if the counter N 15

equal to 2 designated value of Ny The value Ny, may be determined based on
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[1063)  Back in step 816, if a large phase error is not detected (e.g., N, #N,_),
| then a small average phase error is detected (step 818). In an embodiment, this is
achieved by counting the number of INC and DEC values within a designated time
window. This designated time window spans N,,;, phase comparison periods (e.g.,
N, =10) and can be a sliding window that includes the current phase error value plus
N,;, —1 immediately preceding phase error values. A small average phase error is
detected if the number of INC values is equal to the number of DEC values.
{1064] If a small average phase error is not detected in step 820, then the process
returns to step 812. Otherwise, the loop bandwidth may be narrowed toward the

nominal loop bandwidth, which can result in less jitter (step 836). A determination is



determ ned as either an INC value or a DEC val ue (step 812).
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- to toggle to track small jitter variations over time, and the remaining MSBs of the LF

output are likely to be fixed. To reduce power consumption, the L. LSBs of the iDAC
are implemented with steered current sources and the M MSBs of the iDAC are
implemented with single-ended current sources. A steered current source provides its
current to the iDAC output when switched on and to circuit ground when switched off.
A steered current source can provide low switching ripple (and hence less jitter) since it
always provides its current to either the iDAC output or circuit ground. A single-ended
cutrent source provides its current to the IDAC output when switched on and consumes
no current when switched off. The use of steered current sources for the L LSBs can

provide improve jitter performance while consuming small amounts of current since



I NC and DEC val ues can be counted anew after the loop filter
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decoding may or may not be implemented for the I. LSBs, which is less critical because

~ each step of the L LSBs is a relatively small step.

[1071]  The iDAC output may toggle between a major carry (e.g., between 31 and 32
if L=35). In this case, only one steered current source in the MSB section will toggle if
the M MSBs are implemented with thermal decoding. Alternatively, a circuit can detect
for conditions in which the L LSBs are near the major carry and turn on an auxiliary
current source to avoid the toggling of the MSB current source. For example, if L =5

and the L LSBs are detected o be within a range of 25 to 31, then a value of 16 can be
subtracted from the digital value received by the iDAC, and an auxiliary steered current
source with a weight of 16 can be turned on. On the lower end, if the L LSBs are
detected to be within a range of 0 to 6, then a value of 16 can be added to the digital
value received by the iDAC, and an auxiliary N-MOS current source with a weight of



I DAC 230 is partitioned into t sections 910 and 930.
Section 910 inplenents the L I¥ast significant bits (LSBs)
of the MAC, and section 930 inplenents the M nost
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mzdiempdfmglr@ﬁtdtmnbeatsi ltsmocmtedawmém sources are used, with
each current source providing a current of L These current

[13%,']J E%[ergl]t %(?'ur;ceg%lfatﬁtpoﬁglg(,)gqrir? section 910 and current sources 932a through 932p
in section 930 may be implemented with cascode P-channel metal oxide semiconductor (P-MOS)
current sources. Cascade P-MOS current sources can enhance iDAC linearity and provide good

immunity to low frequency supply noise.

[1075] FIG. 10 shows an embodiment of ICO 240, which is a 3-stage ring oscillator. ICO 240
includes three delay stages 1010a, 1010b, and 1010c. Each delay
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Sw tches 914 and 916 are controlled b
salythadesdelay stages. No additional filtering is reqmred between iDA 230 and ICO

240. The ICO configuration shown in FIG. 10 can provide good immunity to noise on

the power supply and a high linearity range.

[1078]  Referring back to FIG. 2, divider 250 may be implemented with a counter,
registers, and so on. Divider 250 may also implement a swallow counter if N is not an
integer, as is known in the art.

[1079]  FIG. 11 shows a model 1100 of digital PLL 200. When locked, digital PLL
200 behaves as a linear discrete-time system. For model 1100, PFD 210 is modeled by
a summer 1110, loop filter 220 is modeled by a unit 1120 with a transfer fimction of



respectively, where i denotes the i-th current source in
wikshypasBl0. Only one switch (i.e., either syiclRiZ284010866
916) Is turned on at any gi veg nonent. The current In
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sour ces,, Cagcade P-MOS current sources can enhance D
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noi se. [1075] FIG 10 shows an enbodi nent of | CO 240, which
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diratséar damation). pBhe clesetsloop transder fonetioant (s)o foraligitsd PRL 208cdmnay be
circuit |oads 1014 and 1016. [10761 For each del ay stage
109eSs¢d 3%t differential pair 1012 conprises N channel

field effect transistors (N-FETs) 1012a and 1012b having (1)
sources that couple together Ed 0 bias current source
1018, (2) gates Rh&K, $KI)|£h " %renti al input, and
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loop filter gains Ky and Kz. It can be shown that the forward path gain K has small
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impact on the loop bandwidth but may be used to control the damping factor of the
closed loop response, and thus the locking characteristics of the digital PLL. The
accumulator path gain K affects both the loop bandwidth and damping factor. The loop
bandwidth is a strong function of the accumulator path gain X; and increases with larger
K; gain values.

{1082]  Digital PLL 200 is low-area, low-power, and low-jitter. Low area is
achieved by eliminating a large analog-based loop filter, which can occupy as much as
50% of the total area of an amalog PLL implemented on an integrated circuit. Low
power is achieved by eliminating extra overhead usually associated with analog PLLs,



together and to the drain of N-FET 1012b and (2) drains that
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of (z), and divider 250 is nodeled by a gain el enent 1150
with a gain of 1/N. KiDAc represents the gain of i DAC 230
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1228, a memory unit 1230, and a bus control unit 1232, all of which are coupled via a bus 1236.
DSP 1220 further includes a digital PLL 1234 that may be implemented with digital PLL 200.
Digital PLL 1234 receives a reference signal (e.g., from a temperature compensated crystal
oscillator (TCXO0)) and generates clock signals for the processing units within DSP 1220 and
possibly processing units external to DSP 1220 (e.g., a main controller 1240 and a main memory
unit 1242). DSP 1220 may perform encoding, interleaving. modulation, channelization (e.g., with
Walsh codes), spectral spreading, and so on, for the transmit path. DSP 1220 may perform

despreading, channelization, demodulating, deinterleaving, decoding, and



The ICO transfer function z) may be expressed as: 1 {z)
=K,co'1l z i Eq (3) where Klco represents the gain of |CO 240

wo 26045003382 sl ope of the current-to-frequency RCEDSHEN010866
function). The cl osed-loop tr fer function H(z) for
digital PLL 200 may be expressed as: K(KR+ K,) K Cz- KR
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f ubmivaitatibz yystepy, be plotted for various values of |oop
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adgta YL Y, bf implemepted an oReilCa sy eAs prefhe exsmaple, the BRBwdooR
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IR PP iy Be InbeBAE 38 Uk b iy P IOACTURERCO may be
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myﬁitcipeg% tee] ndr])@%i c g , > 'EMOS technology can
fabricate both N-FET and P-FET devices on the same die, whereas NMOS technology
can only fabricate N-FET devices. The digital PLL described herein may also be

)

fabricated using different device size technologies (e.g., 0.13 mm, 30 mm, and so on).
[1089]  Portions of the digital PLL (e.g., process 500 in FIG. 5, process 800 in FIG.
8, control of the digital PLL operation, and so on) may be implemented in sofiware. For
a software implementation, the processes and confrol may be implemented with
modules (e.g., procedures, functions, and so on) that perform the functions described
- herein. The software codes may be stored in a2 memory unit (e.g., memory unit 1230 or
1242 in FIG. 12) and executed by a processor (e.g., processor 1228 or controller 1240).
The memory unit may be implemented within the processor or external to the processor,
in which case it can be communicatively coupled to the processor via various means as
is known in the art.
[1090}  The previous description of the disclosed embodiments is provided to enable
any person skilled in the art to make or use the present invention. Vatious
modifications to these embodiments will be readily apparent to those skilled in the art,
and the generic principles defined herein may be applied to other embodiments without

departing from the spirit or scope of the invention. Thus, the present invention is not



mul tiple-output (MMDJ) system an orthogonal frequency
\\?i%'m?/bﬁgz juultiplexing (OFDM system an orthqgaiddsoeanioses
requency division nultiple access (OFDVA) system and so
on. Wreless device 1200 is @&pable of providing
bi -directional comunication via a receive path and a
tintendeddi tb bedinhited th Mbdﬂﬁmemth shovexs herem I:pnﬁsrtp teiagoartied the widest
transmtted b ase, stati s are. receiye an, ant enna
5385 ConsiELRh AR T feRyes SR P SUhAoBr ov ded to a
receiver unit (RCVR) 1216. Recelver unit 1216 conditions
(e.g., filters, anplifies, and frequency downconverts) the
r[@8%i]v e d VEHATAAS GhAIMERIIS] zes the conditioned signal to
provi de data sanples, which are provided to a digital signal
processor (DSP) 1220 for further processing. For the
transmt path, data to be transmtted from wrel ess device
1200 is provided by DSP 1220 to a transmtter unit (TMIR)
1218. Transmitter wunit 1218 conditions (e.g., filters,
anplifies, and frequency upconverts) the data and generates
a nodul ated signal, which is routed through dupl exer 1214
and transmtted via antenna 1212 to the base stations.
[ 1085] DSP 1220 includes various processing units such as,
for exanple, a nmultiply-accunulate (MACC) unit 1222, an
arithnmetic logic unit (ALU) 1224, an internal controller
1226, a processor 1228, a nenory unit 1230, and a bus
control unit 1232, all of which are coupled via a bus 1236.
DSP 1220 further includes a digital PLL 1234 that may be
inplemented with digital PLL 200. Digital PLL 1234 receives
a reference signal (e.g., froma tenperature conpensated
crystal oscillator (TCXO) and generates clock signals for
t he processing units within DSP 1220 and possibly
processing units external to DSP 1220 (e.g., a main
controller 1240 and a main nenory wunit 1242). DSP 1220 nmay
perform encodi ng, interleaving, nodul ati on, channeli zation
(e.g., with Wil sh codes), spectral spreading, and so on,
for the transmt path. DSP 1220 nmay perform despreadi ng,
channel i zati on, denodul ati ng, deinterleaving, decoding, and
WD 2004/ 093322 PCTI US2004/ 010866 21 so on, for the receive
path. The processing by DSP 1220 is determ ned by the
communi cation system [1086] FIG 12 shows an exenplary
design of a wireless device in which the digital PLL
descri bed herein may be inplenented. The digital PLL
descri bed herein may al so be inplenmented in other
el ectronic devices. [1087] The digital PLL described herein
may be inplenmented in an application specific integrated
circuit (ASIC), a digital signal processor (DSP), a digital
si gnal



processi ng device (DSPD), a programrmabl e | ogic device (PLD),
wb fdoghdispr ogranmabl e gate array (FPGA), a pre¢gam2bos/ndosss
controller, a mcro-controller, a mcroprocessor, and other
electronic units. The digital B may be inplemented within
the one or multiple integrated circuit (1C) dies and in the
one or multiple ICs. For ex&WMSall units of the digital
PLL may be inplenmented on one I C die. As anot her exanpl e,
the PFD, loop filter, and divider may be inplenmented on one
| C di e]. andAh hstegritdd ciromit edzhpristye:be i npl enent ed on anot her

| C die. é1088] The di gi ta(éFBEL descri bed herein may al sp be
f abri cAPBRFCWFAIHeRFY deRson PBEBEYe fOERFYP dgielgensh stenghand a

b | :
AR el ebpat pag e TRk £ T Rk fhals @MU o
t phdse @iog\betveeen the lrgfefanoe iandt feediablEFighals) amd profide di RFD autput
PLL descri herei n_may al e ahri cated .using different
P S YD CANGH GEAn BashoP D ol et biby oI eteaniges by
[ i digiatal PLL (e.g., process 500 in
F G%%]é%epﬁogggdggdggg@%l%%ﬁ 8, control of the digital PLL
oper at a dovp fltat (EB) operatineeytolrecdivgphmhfili¢ratic PEDsadtpwamd. prédde an
software inplenentation, .the, processes d contral b
g i e L ndnis Poed RS a0t nRD Sefienisrtvs b teckp
Sg,fu?ﬁl')_ that performthe functions described herein. The
SO

ware codes nmay be stored in a nmenory unit (e.g., nmenory
unit 1230 or 1242 in FIG 12) and executed by a processor

(e.g.,,processor 1228 .or .c roller .1240). . .The nenory unit
may bei npl et ere%ﬂ%ségflﬁ‘i"ﬁ“t&ﬁiﬂ‘ﬁrlomP° "¥%ernal to the
pr ocesgPbscilldtbr erfAivets Teceive e MFMSULHA Y PrGAld 1e bicilAbP

to the processor via various nmeans as is known in the art.

[ ba€og a phase geteunined by ducll petpwihand t he di scl osed enmbodi nent s
is provided to epable an ers skilled. i he apt. ta ke-
or Lseh Einade BeBRTe Iapefiot o osbibied Sigmalfividh bl Bedfitof SehR
t Reg@ne B9 difatiRior NVivillerdR i§ 6idr greRBDAMERbVIde thd REdbasK bighald
in the art, and the generic principles defined herein may
be applied to other enbodi nents without departing fromthe

spirit,or s e,of the. i t.i-on u h resent. .. .
Thvent Pon © 0ngueRrd Bt SR HbET b ik s R GEEH is pdiusted in
i Bh eapesitidrombes dndthiiathied ih Aerackibgdiodent s shown herein but
is to be accorded the w dest scope consistent with the

princi pl es and novel features disclosed herein. [1091] WHAT
I'S CLAYMED Irp: integrated circuit of claim 1, wherein the detector gain is initialized

to a maximum value and thereafier decreased whenever a change in phase error polarity
is detected.

5. The integrated circuit of claim 1, wherein the PFD is further operative to
provide a clock signal having a pulse for each PFD value in the PFD output, and
wherein the loop filter is operative to update the LF output with the clock signal.

6. The integrated circuit of claim 5, wherein the pulse in the clock signal for
each PFD value is delayed by a particular amount of time relative to a start of the PFD

value.



WD 2004/ 093322 PCT/ US2004/ 010866 23 CLAIMS 1. An
Integrated circuit conprising: a phase-frequency detector
WOPHDY/0302r ati ve to receive a reference signal géﬁugzommws%

f eedback signal, conpare phaseg of the reference and
feedback signals to determ ne a phase error between the

referepce ag%ﬁ%gg&ﬁg&iﬁézgnal s, and provide a PFD out put

conprised o valties,“wherein each PFD value is a
mul ti -Dphiasedieqteridst dtatkora@FDY optiative he seeive rofefdatteasignal and a
detector gajin; and a loop filter (LF) _qperative to rﬁcei ve

afeedtrark signal, gamppry Rhasgsl tha deigregoe aad depdbagk wemals o detamniae 3

t E | f F I r hved

piist b Btesh SppfeRHEC, 0 BARICK kR, Ui pROGGY SPED Gl
cevmpprised 0§ PFBnvalses, whatein eaqhePHD ivatuetie armaakirbie valoe deferminieg ity
and provide ap qscillator signal having a phase determ ned
bt}aepﬁ@se@pog)aq ddetectareainAndi der operative to receive the

osci | | ' Lyt de the ' PEH | .
freque%%@bb@teg@g)c?géﬂ%‘%qﬁ, Q(\%lhgéréﬂq\lhﬁéﬂ{gﬁe or a%?{ég%nélrlfmglr(\l an
PLB wutpat, twieeréia ehid BEloutpul ispdated fiveathn PEDr wihedreceivedioh thdé PFD
claim1l1, wherein the detector gain is adjusted in an
a®¥PMtsi ti on node and naintained in a tracking node. 4. The
integrated circuit of claim1l, wherein the detector gain is
initialized to a maxi num value and thereafter decreased
whenev@&r a Ahapppratomc@hpssngrror polarity is detected. 5.

The int d ci it . of clai , Wherein t PFD) i .
{Ur t hoPeelos QoA e TRESs oot JoiHaich Sigh ahd s reieck pepaleto
;chterﬁﬁﬁ@a Pid3e “abtBetivRert the é'a%féneé‘hﬂi‘feed%ﬂ sighgy €i n the |oop

ter 1s operative to update the LF output” wth the clock
si gnal meghs fehprovidimg) phasd-foigrendytdetdotar [((BFD) ytpuhemaprised bEPFD
pul.se in the c signal for. .each PED val .S del ayed b
Ealie, pleteicacha b Ve B EaiE e detgrriined iy leofhid irisept o
Vaditifor p; 2004/ 093322 PCT/ US2004/ 010866 24 7. A device

conpri si ng:
means for filtering the PFD output to obtain a loop filter (LF) output;

means for providing an oscillator signal having a phase determined by the LF
output; and
means for dividing the oscillator signal in frequency by a factor of N to obtain

the feedback signal, where N is one or greater.

9. An integrated circuit comprising:

a phase-frequency detector (PFD) operative to receive a reference signal and a
feedback signal, compare phase of the reference signal against phase of the feedback
signal, and provide a detector output comprised of a sequence of phase error values,
each phase error value indicating whether the phase of the reference signal is early or
late with respect to the phase of the feedback signal; and

a loop filter (LF) operative to receive and filter the detector output and provide
an LF output, wherein the loop filter is operative to adjust loop bandwidth of a digital
phase-locked loop (PLL) based on the sequence of phase error values.



a phase-frequency detector (PFD) operative to receive a

woheiase, signal and a feedback signal, conpageEriReRRls
the reference and feedback si %al s to determ ne a phase

error between the reference antt feedback signals, and

provi de a PED out put ,co% sed of PFD val ues, wherein each
PFD valfle i ¥baintegrated pirgui tfanther sempHgingt he phase
error Dot flat (LE L:
o 1o GeAIEl GirflyedFbeciie & 8Bt dnd vt oRARKEH bk
ohavyiug a phiserdetenmined bl FheoF putput; andipdat ed for each PFD val ue
received,_ qn the PFD output. 8. _An apparatus conprising:; .
means ﬁ&mggrﬁslaﬁﬁﬁe to\Fpgeive thyy 03&'1@&@@% &g the osgitfatoy signal in
f ek by ¢ i i

| SPARAEY 19 A Y RO O QEASE o PRGBS LRI S
phase-frequency detector (PFD) output conprised of PFD

val ues,  wherein each PED val.ue.is a _nulti-bjt val ue .
det er milhed BPe iHeSTad sucui 08 claim P, avheggin dhe Pgﬁiteﬁ IS GRegRtive to

f Qfcrédst gy !oﬁg b?%@dﬁﬁ%%&%%&%&ow ewéen' B9 Qefta:\lehh@ bnd ge%gback

out put; nea provi ator sign avi n
pisiznelsdedateatédaed by the LF out put; and neans for dividing
the oscillator signal in frequency by a factor of Nto
obtain the feedback signal, where Nis one or greater. 9.

An i nt qgr at qfle Ghieptatdd SPERI bfichim #1 PRASRH gﬁq%gh&st&%%

(PFD) operative to recelve a reference sign
f dettbtad kf spatiatlar romipa o€ coriseswive fphasecerroz fveesn withsana pblarity are

agai nst .phasg, of the feedback signal, and provide a
dg?ﬁﬁﬁapggﬁfgﬁFK%BWSP{sed of a sequence of phase error
val ues, each phase error val ue indicating whether the phase

of the reference signal is early or late with respect to
t he phd3e oflhtmegreted virchit of glagm; 9, avivrein lthrolpop ifilteens ¢peFtive to

o et e foBp BTG P4 el at oad G Poret S opera i ve

to adjust | oop bandwi dth of a digital phase-Iocked | oop

(PLL) based on the sequence of phase error val ues. WO
2004/ 093322 TheTtes2iod 4irouip ebelainp 13, wherdih éhe smalbaverags pbasecariar

Ofis ﬁét‘é‘ét@& (i:)f, ft;ruar ehs?grnaf:ea%é %v'iﬂ]cﬂ):w, the number of phase error values with a
first polarity, indicating the phase of the reference signal being early, is equal to the
number of phase error values with a second polarity, indicating the phase of the

feedback signal being early.

15. A device comprising:

_a phase-frequency detector (PFD) operative to receive a reference signal and a
feedback signal, compare phase of the reference signal against phase of the feedback
signal, and provide a detector output comprised of a sequence of phase error values,
each phase error value indicating whether the phase of the reference signal is early or
late with respect to the phase of the feedback signal; and

a loop filter (LF) operative to receive and filter the detector output and provide
an LF output, wherein the loop filter is operative to adjust loop bandwidth of a digital
phase-locked loop (PLL) based on the sequence of phase etror values.



an oscillator operative to receive the LF output and provide
an oscillator signal having a phase determn

WORPHI33Znd a di vi der operative to receive th?ﬁ%ﬁ*?@lﬁ6
signal, divide the oscillator 26ignal in frequency by a
factor of N, where Nis one or greater, and provide the
f eedbagk Sim&ﬂparatﬂélcoﬂﬂlﬁiﬂgit egrated circuit of claim9,
wherein the loop filter is operative to increase the |oop
bandwindedns for gomparieg phases @‘P 3 oefetracousignal had refesbackesigng to

f eedback lLgnals is . 12 . dhe i ted circuit of
Ccfeiqn:ﬂnlelz} p@ﬁgF%?rﬁbef‘ﬁﬁetggg%@%ﬂ%es%nde%ﬁqﬁc?éﬁgé@t ected if a

parti bdis for pRAAdiAE aCdte@otibipat PHAPRsedr 60phasalc@ds vahieh, each
same polarity are received in the detector output. 13. The

i phase) eaeevalee indigafing fwhether the phagsfethe refarence signel; istearlyjog late

0 tiv r [ andwidth if a small average
pﬁ’gégesg?ér%(t)ér%Fgﬂ%%togﬁee%&t%gkg%%ﬁi ntegrated circuit of claim
13, whaesisfor filéeringahd detecto@Rpythe dbtait 4 op filter (ah)eutme; dnid,
for a designated tinme w ndow, the nunber of_ phase error
val uesmegnsifonadipstingtloop, bandwidth of aidigiiel phase-laskesh logp (B1L) hased
ref er ' | ly, is equal to the nunber of
p‘ﬁ%@ Gs\e ;%Sgé%%t%se{&}vé}?/ﬁﬁ%g'second polarity, indicating the
phase of the feedback signal being early. 15. A device
conprising:  a_ phase-frequency_ detector (PFD) operative to
recei vi/-a rAp @tegisled sTGHLPOMPISIRE: f eedback signal, conpare
phase € [ ks sSe 0 f
S gna € Pt BGRYGRERT BRP) BElNEto ROBRE doffrlib AP a6 o
sfeadteiok eighhl, ebmparegphasss ofaht @sfereneaand fdedbsckesigmls, \bal peovide a
i ndi cati ng whet her the phase of the reference signal is
YUt | ate with respect to the phase of the feedback

si gnal Igﬂp)o | Fin( Vi WP LV, da]ri}g

fil tera%(ﬁ’gcﬁ}ge{ ct ocr’l;é(l)%tf puttmjg‘l; Vé;?‘gnﬁ J(:a“ﬁ?in F&ggit“pﬁgt, vide aa

WhE betpot;tahé | oop filter is operative to adjust |oop

bandw dth of a.djgita hase-1 gcked | oop (PLL) . based on the

sequen TRt s}sagfet%eqqa{ﬂg dpaperies .@éﬁkw‘@m 35eive i convert the
/ R(B‘ﬁ‘ﬁ d : I gikdisé NY:  means

fﬂo*?_oé{?ﬁpp%ft{u%é p agé&;ﬁo?égglg?grﬁmetﬂ%%%gl an‘gﬁ f eedback

si gnal t a firsteseetion ofel siegred serrent sonrcks; twhesmL ihan médper greater thad

fee%ggcléac ! gtggrleg ;cun'ent source providing current to the iDAC output when

switched on and to circuit ground when switched off, and
a second section of P single-ended current sources, where P is an integer one
or greater, each single-ended current source providing curent to the iDAC output

when switched on.

18.  The integrated circuit of claim 17, further comprising:

a current controlled oscillator (ICO) operative fo receive the iDAC output and
provide an oscillator signal having a phase determined by the iDAC output; and

a divider operative to receive the oscillator signal, divide frequency of the

oscillator signal by a factor of N, where N is one or greater, and provide the feedback
signal.



means for providing a detector output conprised of phase

r val ues, each phase error value indicati t he
“ﬁ]ﬁﬂ"%ﬂ% he reference signal is early or |at EEQW@J@@B‘%M
to the phase of the feedback /gnal; neans for filtering the
detector output to obtain a loop filter (LF) output; and
nmeans {@r dUhelfitégigted @apuibaf dldiglt 17, ofhereiflithé Pading@banded OEkaH
| oop (PLL) based on the sequence_of phase error values. 17.
AFPUTGEE AT depieaed fo rrayide s ey of cittsabise- f r equency det ect or
(PFD) operative to receive a reference signal and a
f eedback signal, conpare phases of the reference and
f eedba2k si Taintegraiedicipcuiloftdaim 17 Fbeeaih the . sieeted@rbnd doarces
(LF), aperative . to. receive and filter the PFD output and
p?‘@\ﬂieﬂgn OPE‘P"éﬁﬂl?gth@t ames A FWRERY di gi t al - t o- anal og
converter (i DAC) operative to receive and convert the LF
output to current and provide an i DAC out put, the MAC
i ncl udzhg aAhiintsgraied ctrowihcarfiprisimg:eer ed current sources,

where L |s I nteger gre than one, each steered
currentP Wﬁ‘rafgfnﬂuﬁ‘?cé’\%feﬁ‘?% @gﬁ ORETaIYe fa Eecripp @ 15isrense stgmahand a
i - . : h ¢ )
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adetector getpuo nempiised gofephase , erga cfalisisn ghoh- pivde derou rvahret islivating
provi di urrent tgo the i DAC output. when switched gn. 1
hBeten B plinecrt S tfhrenc amhlis B OF ot Wi FospeRtEp simbgie of he
CHLARRk sippt rol I ed oscillator (1CO operative to receive the

i DAC out put “and provide an oscillator signal having a phase
det er ma sexding ynithopetdi€e doirgeaive anddcale dhovdetentoropapuitwitte a tdetector

receive the osgillator signal, divide frequency of the
ﬁ%}ﬁ@‘i?‘é’?’ld&i%‘?@?ﬁ?“éa?‘ict or of N, whéere Nis one or

gr eat ep copfiél MiPYhastT R tReRBatk defebﬂ;?%lutpu%&&(?%p%ﬁéfg%s in
PCT/ US2004/ 010866 27 19. The integrated circuit of claim

1polaityeefctha phhse ¢rrasi vadpes, entiedjusiithe detectos gainclscdion thie detgeted

t%%ovjd sane ang%gts of current. 20. The integrated
c PRAREPS A A PY ™ vherein the L steered current sources

22.  The integrated circuit of claim 21, wherein the PFD output comprises a
sequence of PFD values, one PFD value for each phase error value in the detector
output, each PFD value having a sign determined by the phase error value and a
magnitude determined by the detector gain.

23.  The integrated circuit of claim 21, wherein the control unit is operative to
initialize the detector gain to a maximum value and thereafter decrease the detector gain

whenever a change in phase error polarity is detected.

24.  An apparatus comprising:

means for comparing phases of a reference signal and a feedback signal to
determine a phase error between the reference and feedback stgnals;

means for providing a detector output comprised of phase error values, each
phase error value indicating whether the phase of the reference signal is early or late

with respect to the phase of the feedback signal,



are designed to provide different anmounts of current. 21. An

Integrated circuit conprising: a phase-frequ

W??‘l‘—*ﬂaﬁafferative to receive a reference signal ar{Hg%BS&to%6

f eedback signal, conpare phas&s of the reference and

f eedback signals, and provide a detector output conprised

of pharenseforakcalsg thesdetertarnoyipretseithrar detectad gaini todibdaih i anphase-

%et her .t he p&gﬁﬁ of the reference signal is early or late
quene Y defector MBWase of the feedback signal: a scaling

unit | | tpdgt with
o ot SRRtk Yckhg (F Blat e poRERY L L PR SRR OANEL R

uni t neensfor\adjusting trecictesiarigainibased tonrdetertquchangest incphas® error
changes in polarity of the phase error values, and adjust
PRIt ect or gai n based on the detected changes in phase

error polarity. 22. The integrated circuit of claim 21,
wherein the PFD output conprises a sequence of PFD val ues,

one PER valueethod ofperforpligsphase-frequeraly detectiorn (FFD)e¢muprising:
out put, each PFD value having.a si determ ned t.he phase
o't or CHPEPEPRISE of AJFIETE HEDEL AN AceGRpck HiEmb I JPGrLine 3
gﬁas@mlaﬁbetwe@n iR ERIALE tndPfebdbck siphals! @i m 21, wherein the

control unit Is operative to Initiallze the detector gain
to a pewidingnawdetectoraoudpitt vompsaised of ghasecams wahesdeschqgihase gaom

enever .a chapge..in,phasge,error pol.arity is detect.ed. 24
Xpiog elisiPe SRR Hedes OHbd FISPRIe SaMban sarly Ay ltiessett t
R s ahs k3Rdckanhah feedback signal to determne a phase
error between the reference and feedback signals; neans for

provi eiahing stheodetentoreutnd withta deteetori gattombtasm a PEDoutput; val ues,
h h al i ndi cati ‘whet h th h f th

[ of or GHEEMS {57 Ghanges Yo pofantypf the phase gtior VEESABA (o ( he phase

of t hggjueaitne HetetieNgdin bi¥ed 2R ieRaTRanddcIn pidl eAdPPNREGG. 28

nmeans fJor scaling thé detector output wth a detector gain
to obtain a phase- frequency detector (PFD) output; neans

val uedd and st B PREEF upieRiniie sl Rehga7 FdladPE,
dempRsipsgt changes in phase error

a first flip-flop operative to receive a reference signal and a reset signal.and

provide a first signal having transitions determined by the reference signal and being
reset by the reset signal; |

a second flip-flip operative to receive a feedback signal and the reset signal and
provide a second signal having transitions determined by the feedback signal and being
reset by the reset signal;

a first latch operative to receive an inverted first signal at a data input and the
second signal at a clock input and provide a first output signal;

a second latch operative to receive an inverted second signal at a data input and
the first signal at a clock input and provide a second output signal; and

reset circuitry operative to receive the first and second signals and provide the

reset signal for the first and second flip-flops.



polarity. 25. A nethod of perform ng phase-frequency
detection (PFD), conprising: conparing phases of a

wal moenne22si gnal and a feedback signal to det epEiRfsaheb ase
error between the reference a&g f eedback signals; providing
a detector output conprised of“"phase error val ues, each

phase error _val ue indicating whether the phase of the

ref er edite sTihinegrated fHpyt 8f Clagp 26,ivhereip dase Birst mpd gecopd eoutput
phs : | . L. 1t 3 t r
R e T TR R A T
c pbasg ef therfequibhalr sigyalof t he phase error val ues; and adjusting
t he detector gain based on detected changes in phase error
polarity. 26. An integrated circuit inplenmenting a

phase- §§ eqUERE ntelehial tcRtuit BF Plaim 260 Wlcksih ¥k fift ;a.}:n& gﬁcgng output

flip-flop operati've to receive a réference sign

r eigedls prayndel phas drropyaiwdscid aarafel detrmsneginiay frbquencigs bf thegeferance
det {n'éne by the reference signal and being reset by the

r 8¢ teedhag é’lg\é“]ﬁ, - second flip-flip operative to receive a

f eedback signal and the reset signal and provide a second
signal having transitions determ ned by the feedback signal
and be2hg The antegrptedharouiseft clging 28| wherdin rone plase lerror value is

operafi to receive an inverted first. signal, at dat a

 REYEel o 17k PR mPABghiRiod and whikin hilgaet e srst: e St
fiah@lecottd RipLiicPsAPfle st éﬁ%&ﬂﬂl&%&ﬁp&&%ﬁ%ﬁ&& to receive an
i nverted second signal at a data input and the first signal

at a clock input and provide a second out put signal; and
reset gjrcuitry operative to receive the first and second
signalgbandAﬂfﬁ@gggﬂt uﬁ?@@@?“@%gnal for the first and
secondafiddpifer QOB) op&ftine 86898 3rd Rt 4320 RpuPWRB @8st a® setbnd

The integrated circuit of claim26, wherein the first and
s geins andbpropde an LFQWEP; anddi cat e whet her phase of the

e 1 B paRRP AL ohPraffl Y pREive) e Sufi i Cpndil EEiSky
wReleeton (PIB) trdicating "ehdlieg Qs bt PUEeferend@Ndfsal 3§ @4l ®rakRSWith

error values at a rate determ ned by frequencies of the
r agspeadrie phase of a feedback signal, perform phase error analysis on the detector

output, and adjust the first and second gains based on results of the phase error analysis,
wherein the first and second gains determine loop bandwidth and damping of a d1g1ta.l
phase locked loop (PLL) that includes the loop filter and the phase-frequency detector.

31.  The integrated circuit of claim 30, wherein the detector output comprises
" a sequence of phase error values, each phase error value indicating whether the phase of

the reference signal is early or late with respect {o the phase of the feedback signal.

32.  The integrated circuit of claim 31, wherein the control unit is operative to
increase the first gain, the second gain, or both the first and second gains, if a large

phase error is detected.

33.  The integrated circuit of claim 32, wherein the control unit is operative to

detect for the large phase error by counting number of consecutive phase error values



and feedback signals. 29. The integrated circuit of claim
rein one phase error value is provide

Wéﬁ%gg%ﬁgpari son period, and wherein the rese?ci{i{;sﬁ(gﬁﬁsbgg(‘ets
the first and second flip-fl3ps at the start of each phase
conparison period. 30. An integrated circuit conprising: a
Iwdthpsafriel godarity labd comparng the mmberoféonseautte st polasity phase ot
with first and secon ai ns and provide an LF output; and a
Yalues againgh p preggicrmmed &0 "Pﬁ’fei ve a detector output froma
phase-frequency detector (PFD) indicating whether phase of
a reference signal is early or late wwth respect to phase
of a Bdedbdhk istegratdd, cipmitfafralaimhdk evlereiothanadtyed inmitas ophmtive

etecto ut put,  and adjust the firs nd.second gai
Bipeche (AR, BF SEorRo s o oft e 20 S55cnil e 4
fa%rér%ée e%ﬁ&%‘aeﬁéfep.s determ ne | oop bandw dth and danpi ng
of a“digita

phase [ ocked | oop (PLL) that includes the | oop
filter and the phase-frequency detector. 31. The integrated

circuit of .claim 30, wherepn fhe detector output conprises
a seqd nce@?‘%ﬁ&‘?u@déﬁ‘rf’wota?%@’ '@Rﬂn %1"5:11}"5‘?‘% veto
| R R R stIE bPGhed PRasB RABE b lcoud ﬂh@fn‘i‘:ﬁﬁQﬁSf hak8 @hrok Sal
edgfré t3C/ﬁ%r | ate wi tﬁgrgﬁs‘agect t09t he tg%ase of the Peedbact Hes
gvithnafirst fdlaritylemdithe mgmbered pbisectior valiesith msédondviodarity withinea
control. unit is operative.t | ncrease the first. gain, e
SeBurrled, it wigfoRb end pherein fhe,smibil A eEtas, Rhoge et is declitcd fghe
RIADEr 6 piake erfordRNRS kAth the Birst BRIt HsRYLAS thelhintbér bf Bhase lefof
32, wherein the control unit i's operative to detect for the
Ivaluge withdkesecordpolagitycount i ng nunber of consecutive phase
error val ues WD 2004/ 093322 PCT/ US2004/ 010866 30 with sane
pol arity and conparing the nunber of consecutive sane

pol arizgy phas ¥ co si@s agai nst a predeterm ned count
val ue. 34. Th?pﬁf]:[ egrg%@dﬁ% rcuit of claim31, wherein the
cont r sheapsifer teseiymgr adpigetor guipuk fom amhase-frequegay detecioe (PFD)

5P “Phethes sk defmiceton S 3RS R Bl Wb Poent B il ot

Gbedbhel dipk;, Wherein the control unit is operative to
detect for the small average phase_error by counting the
nunbemeghs Bisetecing fnr aege phasegmopingthe deteefopentapt;t y and t he

nurbe "méhs P&%ﬁ?&cﬁﬁé fr avsﬁlaﬂeﬁrefﬁ@é Bhﬁe 16 ﬂthg alatgétio} gutyltt, hin a
means for increasing loop bandwidth of a phase locked loop (PLL) if the large

phase error is detected; and
means for decreasing the loop bandwidth if the small average phase error is
* detected.

37. A method of adjusting loop bandwidth of a digital phase-locked loop
(PLL), comprising:

receiving a detector output from a phase-frequency detector (PFD) indicating
whether phase of a reference signal is early or late with respect to phase of a feedback
signal;

detecting for a large phase error in the detector output;

detecting for a small average phase error in the detector output;

increasing the loop bandwidth if the large phase error is detected; and



designated tinme wi ndow, and wherein the small average phase
WS $004093322decl ared i f the nunber of phase err ecmghoRmidgecé h
the first polarity is equal tglthe nunber of phase error
values with the second polarify. 36. An apparatus
conprising:, neans for receiying a_detector output froma
phase- thas e lgen Bﬂdﬁ’ﬂ&g%ﬁgmf"ﬂ&?’%ﬁ PRASGABPIHE detsplgd e of
a reference signal is early or late with respect to phase of
a feedback signal; means for detecting for a |arge phase
error 38 t han deegaied cirouit mplementinpsa foop filter €CF) fog afdigitah phase-

syal |, .ave hase.error in the detector output; neans for
iﬁ&f@éﬁ?ﬁ@iﬁo‘%’%&ﬁf dth of a phase |ocked loop (PLL) if
the | &f g8t cRRPI6OKEREA" addsr (@&Ffbﬁéﬁti\%“t@ 1EEARS aﬁ@hnﬂ%ﬁgeﬁ‘m%g

the loop bandwi dth if the smal’l "average phase error
diapetand @.cugent sscumulated velue aud petvidecpn updptel anciundtted wilue;

digital ase- | ocked | 0o PLL),, conpri.sing: .receiyi a

det ec IR OISRV B, TP i ek Pt iRyt B gpot el orh the
| fidt CBAIAAd providd the cuRfiR S6cudulated Qhlaeence signal is early or
late with respect to phase of a feedback signal; detecting

for a 4 Breganiiioperative toreceive ahé scale dhet onrenti apanmulateid value iwith a
fpr, a.snmall avera se errpor. in the detector output;

i Pt gy B%‘h‘ﬁ?&@%%%d%%%‘%‘?%ﬁ?& | arge phase error is
det ectggbcond tniVopedfidd fORB& Ve Rid séihe @93%?%%@@ inpf with a second

decreasing the | oop bandwidth if the small average phase
egainvalie antbprovide @ seamd imarmediatg valuexkodi rcui t i npl ementing a

conpr &g 1 sutail K Rl AR i Bl Bt e
r eA6ds\ead pReVida dnodp iikePordtpdtt er i nput and a current

accunul ated val ue and provi de an updated accunul at ed val ue;
a latch operative to receive and store the updated

cur 1 ot acclimuEme G ifols, S B bl wis e

afmdltiplialse t he current accunul at ed value with a

40.  The integrated circuit of claim 38, wherein the first and second units are

multiplexers.

41.  An integrated circuit implementing a current digital-to-analog converter
(iIDAC), comprising:

a first section of L steered current sources, where L is an integer greater than
one, each steered current source providing current to an iDAC output when switched on
and to circuit ground when switched off; and

a second section of P single-ended current sources, where P is an integer one or
greater, each single-ended current source providing current to the iDAC output when
switched on, wherein the P single-ended current sources provide same amounts of

current.

42.  The integrated circuit of claim 41, wherein the L steered current sources

provide different amounts of current.



first gain value and provide a first internedi ate value; a
second unit operative to receive and scale the |oop filter

WOAMHOMEh a second gain val ue and provide anzféiéﬁ?i""“'“s“
internmedi ate val ue; and a sec¥hd CLA operative to receive
and sumthe first and second internediate values and
provide a loop filter output. 39. The integrated circuit of
claim 38, wherein the first and second units are

nul t i pB.i er The idegrigd cirenibef eleiand biwhengin et finst sectiom 8nplgmenisiln

he first 0 i . LDl Al A
ARt B A AT R Phei e oot SBliion Pdeifues Mmpst
CRAMRhiHits of tHRADAC, GoHERE ipsl gpg_1a first section of L steered
current sources, lere L' is an Integer greater than one,

each steered current source providing current to an i DAC
out put ,whep, swi.tched on . and, to circuit ground when .sw tched
of kel ' ThE Spgratl ciipyih S8 Fiai® 43 ybeteim er By eV 18 tast
' ' o] I »*AGH B = e
HAReE cdonleh B AR08 sBPns ek B P12 A S v
soirteshieldcrd fronhamoengthe Pesimplsiendddecigredtsbuedes lafg dwitched 68.S
provi de same anounts of current. 42. The integrated circuit
of claim4l, wherein the L steered current sources provide
di fferent anounts of current. WO 2004/ 093322
PCT/ US2004/ 010866 32 43. The integrated circuit of claim
41, wherein the first section inplements L |east
significant bits of the i DAC, and wherein the second section
i npl ements Mnost significant bits of the i DAC, where P =
2M -1. 44. The integrated circuit of claim43, wherein for a
value of Vin an Mbit digital control for the second
section, where 0:5 V!IC 2M -1, V single-ended current
sources selected fromanong the P single-ended current
sources are swtched on. A




