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cllesfecggro&%Dt)oll}S? zr1 Ilc(>)olf>8ﬁlter 120, a voltage controlled 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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accuracy and wide loop bandwidth.

[1009] In one specific embodiment, the innovative digital PLL includes an adaptive
PFD, an adaptive loop filter (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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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 comjunction 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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di agram of a conpact, |ow power, low jitter digital
PLL 200. Digital PLL 200 includes an adaptive PFD 210,
an adaptive | oop fi DESAIRLED DESCRIFAION0, an | CO 240,
g2 di 25 8 Lve PFD 210, receives
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[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 also receives the detector output and detects for



the reference signal is early or late with respect to

the phase of the feedback signal. Adaptive PFD 210
wonroioder2f ast frequency tuning, less jitter, BOWUS2EN010866

advant ages, as described belgw. [1029] Adaptive | oop

filter 220 receives the PFD out put from adaptive PFD

0 filters the PFED output. W th a ive | oo
(14 bt ebnatot bemony dh 0 i wih PRl SR @) a sman
Svbrfté phadl@Rdr BeBréedQRe fwd §iBhald 2&3\%‘[&@ 168-8k4D20t0BfRists the closed
detector output and detects for 2004/ 093322
oop/resppos ph thesdigital PLLI Ye.&. ther lgep fandwidth pad/ohdamping) based on

n fee C ' S d .a.smal | .
058 ShERIEE 3t SEANRSE 1AL 0P B by s of
Hipitpl PLLI €0, a8d Qo ) dtsdeScritied belows eddaptive fodeHlRR 220 alkb imposes a
the_digital t he. ] oop. bandw dt h and/ or

PLL .g., ) !
BERIb G SoRabEwier ot hantidtaeacbrEpTaysdons Sebiity eiorastained.
£ _ . : '
s, A28 550 B Sl Rl LAk Sl 1 o
k@ pvdloe chrom, 4ndl revid@2éh HDAC dutpos DAL 23Xl desigad¢dso minimize
o,that a wider. | oop bandw dth and i nproved | oo i
RBRONCE §ORPRn A0 ATBHNE 1o1%5361 dﬁﬁsﬁa&éébelowvecﬁ?@ @40 receives
thReipAT GbRK trork lqmlﬁf b3otha IBdevfddbé Bht ngﬂﬁ‘cotragi%régg}avmg a phase

output into analog current, and provi des an

detenmined bDAE iDIAC ostpdt sIGM A0 indesiguiedita bavdogddd ipomwarity to noise
ons tion and sw tchi noi se, as. descri bed bel ow.

fre 85 gop e iRplu and & OREHBIY pinesHpn feiaeniigg reagey transfer

AmeNbHeSDARIRSE5( lradedesSthgNadcilltAdl BGnd RPRASYCO 240, divides the
determned by the i DAC output. | CO 240 i s designed to

frequengy efithie wseiHptoy sigaalrtyi asgrctofr 0d N, ehé provides thaufspliiacksipnal. N

od linearity range r.\the current-to-frequenc

PeaREFay VAIFERS TR Y ) e 6% bt 1 g pyion-imteat.

pesi] | atfG. Sisubak ah_resmnF@y &fidal BLY). dethet gxital PEAYIRASY also be

of the oscillator signal by a factor of N, and .

wriomented with fewer sddikionalgend/or differpny units thay thase skowmén FIG. 2.

cat.er . >n2) @ n, i nteger, or
Bl SAAIEL IAC 3Dl Dol VAL S 3, Yoy Ao o
CAnlvent{AnaEPFI ingiyt tad used lfsr adaytivd BED Re0, 4 sqavenmsnbhEdopifiller may be
fewer, additjonal, and/or different units than those
used P 3dapttyedoop filterd20.ndispion; Haomplargdlegaes fooersptiye PFD 210,

%@%étig@ogg Zﬂ(ljt@}fcﬂb, AL AoV, 2?%(? aid deS@BLE BElo@nal PFD

or “adaptivé a conventronal |oop
F10B2ler G, Beshowsed chdrodanap tof \adaptoePHD 21 &rwkigh inchindés a PFD

on. Exemplary designs. for .adaptjve, PED 210, _
2 BB, ik B! cRpEs Tao G 1o ! Gutbe seference signal

i A g 5 o B ST 2

33t re@pextivalyd Bhecdate (D) inputcof DFESG12aMnd B i2HPedpBl & the power
the reference signal and_the feedback signal are

el addeedve lngichighk Thefdtantpts pf PFFp 31 2aprd 3 IdbRypvide the S1
aeﬁjd2§2 girégals, respectively. An inverter 314a receives and inverts the S1 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 S1b and S2b signals. The Q output of latch 316aprovides
an INC signal, and the Q output of latch 316bprovides a DEC signal.
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[1036] A leading edge appears on the feedback signal at time Ts. This leading edge

causes the S2 signal to transition to logic low and the S2b signal to transition to logic
high. Since latch 316b is disabled by the logic low on the S1 signal, 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 T4. The logic highs of the S1b, S2b, and Restart signal cause the S3 signal
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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.
Each phase comparison period generally corresponds to one period of the slower of the

reference and feedback signals. Each phase comparison period includes one leading
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[1043] Scaling unit 340 receives the INC and DEC signals from PFD 310 and a

detector gain Kp from control unit 350 and derives the PFD output based on these
inputs. Within scaling unit 340, a summer 342 subtracts 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 Kp and provides the PFD
output.



of the reference signal is early with respect to the

phase of the feedback signal, which is indicated by a
woOagi4mobazgh on the I NC signal and a | ogi c | ow 8aTAHIS2004/010866

DEC val ue, as shown in FIG ? The phase error val ue

is a DEC value if the phase of the reference signal is

I wth.res t he .phase of. .t eedback si gnal ,
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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 magnitude 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 Kpm. At this point,



signals may be large. A large detector gain may then

be used to speed up acquisition. Once the digital PLL
wO20d4mokxel to the reference signal, the phase eCTmS2003/010866

typically small and continuahly toggles between the +

and - polarity. A small det ector gain may then be
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[1050] To simplify the implementation of binary tuning algorithm, the detector gain

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

significant bit (to account for positive and negative PFD values), and the minimum



returns to step 520. Gtherwise, if the phase error is
an I NC value, indicating a change in the phase error
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[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



values at a rate close to the frequency of the

reference signal. In the |ocked state, the phase
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period of the reference signal, but nornally toggles

at a slower rate due to noise and other artifacts.
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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 Kz 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 carry-
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between the reference and feedback signals is then detected (step 814). In one
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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 Neons 18

equal to a designated value of N,q. The value N, may be determined based on
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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,

win

=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
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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
current 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
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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 to 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
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tﬁ# @f{: y because each step of the MMSBs is
o 5¥F§ e step. Thermal decoding may or may
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critical because each step of the L LSBs is a
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[1074] Current sources 912a through 9121 in section 910 and current sources 934a
through 934p 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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section 910. [1073] Section 930 i ncl curr
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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 function of
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| oads 1014 and 1016, respectively. The drains of

N- FETs 1012a and,1012b further provide the
diffemﬁa?gaga)ouﬂpytf Vo and Vc, for the delay stagg.(3)
Grcuit |oad 18+% conpri ses P-channel field effect
transistors (P-FETs) 1014a and 1014b having (1)

ﬁt%‘é%%%ic@tl%ﬁkﬁ" st %ﬁ@%@?i%b& 208,54 e piawrto-frequency
E ' i 01 i -
R Ry 2R Mo gop iehatst ingdf R TBE R PLL 500 may be

bagedshehs:and to the drain of N-FET 1012b and (2)
drains that couple to the power supply. The gates of
P- FETs 1014a and 1016a couple to the sources of P-FETs
1014a and 10163, respectlivel y, TT gates of P-FETs

1014b and 1016bXcEtpt & oget d receive a Vbp
cont r ¢f (z3 Eghal—BlLas_current & Sivde 1Q18 conpri sesggny)
i ér

N-FET havi ng _d, _ght 6Ks tridt)necef ves &z contro

signal, a sourice thatNcouplies to cicuit ground, and a

drain that couples to the sources of FETs 1012a and

1012b. Del ay stage 1010 is also described by

whengak i=sK k. ‘& cp-in a paper entitled "LowJitter
Process- | ndependent DLL and PLL Based on Sel f-Bi ased

[HO8Khi qUds clospdimopteansfen finstiosdy () -Brabeploited firtvarious values of

Vol ... 31,. 11, Noyenber 1996. [1077] The three

foap Aijteg tgﬁlélél\%ff@% & i’tmg{e %‘H}ffnltb"itdge Seravagdgpthetpin Krras small
. AL . . . - of

fél'zli%hﬁt 812 ﬁgkg)?a%glﬂglgﬂgghg% I eegh{egetg)ﬁdg)tn{r@i tHRUEMin® 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 K7 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 analog PLL implemented on an integrated circuit. Low

power is achieved by eliminating extra overhead usually associated with analog PLLs,



differential input of a subsequent delay stage, as

shown in FIG 10. Areplica bias <circuit 1030
woecseiwer2t he | DAC out put and provi des the VbpramaSuinp/010866
control signals for all thregydelay stages. No

additional filtering is requi red bet ween i DAC 230 and

CO confi uratl on shown in FIG 10
p@vﬁ’sgpe 58%%1’? hﬁ&ﬁ PEYPE: o“HSPts%e“S‘E?tOT&hVé’hﬁ% v:id %IF&bF?}“’eﬂers and
a0/dna Loivgjittdr i8 @aliibved Wik g ac{aﬁﬁ\?@i’FB%ﬁrard }ﬁgveblésllf fllter described
FIG 2, divider 250 may be inplenented with a counter,

P@‘g‘festers and so on. Divider 250 rmy al so i npl enent a

FHR0lc 2P A el rtdod e, o ¥ iflrs Bt 9001 0 vireess

domgimuaicafibr s@Bfn. Wizelebsoddebad, 12009ﬂn hiibe BLéellu?& hogé ai/t%ﬁmnal a
di screte-tine system For nodel 00, PFD

I
Bnrt on pigegevicss on AFfignsy fihe, wirdess CPRFASHcegigd sysem may be

recele i Moy tud A3 oA 90081 K S 19 o

Fothatuadcabipns (GEVD -sgmeha[ a hmllﬁpl(alﬂjfrd)t éftl)ighplbroc%ﬂli;}l\m&bﬁsystem an
h i's

F3hstaea B enesh s iy eroif e (DERY Derysteaman afognal frequency

ﬁvislon ﬁlﬂﬁlp‘l’é Ndc@%r(m5 ﬁi’gﬁl &fd Dor® WakRsE %&%@200 s capable

O with gain of 1/N f DAC représents t
PW@E@ lafchuremml toremunisglienciy adeediviepattatnda tr[aﬂﬁﬂf)ﬂaath

e OO S ) S R e B! S8R,
ﬁm&ﬁial MZG(réﬁte(ﬂf&Moﬁ %Wﬁé&?qmsmlﬂ &d prd@&ld 681 a Yaceiver unit

z-1 EQ éh% where Kl resents the gain of
(RC¥R) 1 Hegpiacropnit Hél Gpmdzmmt 6’~g 1 ﬁlﬂq@renm;aphﬁersa laadi drequency

Sy s TSGR 0SB AR A o it

sam@%swwmaz )arg pioxadéﬂ- ¢d<a+tﬁ7gitalz $ighalkp oEas(sén) éDB!P) 1020 tér further
where K = KKDAc . KlcO [ 1081 The. cl ose
Eﬁoaﬁmgr Ho tha frepsmig pat n@a}a brebe ransmaitted @Orrvmfﬁlmssdevme 1200 is

MRVide& B DSP 1220 to a transmitter unit (TMTR) 1218. Transmitter unit 1218
conditions (e.g., filters, amplifies, and frequency upconverts) the data and generates a
modulated signal, which is routed through duplexer 1214 and transmitted via antenna
1212 to the base stations.

[1085] DSP 1220 includes various processing units such as, for example, a
multiply-accumulate (MACC) unit 1222, an arithmetic logic unit (ALU) 1224, an
internal controller 1226, a processor 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 (TCXO)) 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 spread, and so on, for the transmit path. DSP 1220

may perform despreading, channelization, demodulating, deinterleaving, decoding, and



loop filter gains KI and KR It can be shown that the

forward path gain KR has snall inpact on the | oop
woaoaiiostzh but nmay be used to control the danpPa®/Us2004/010866

factor of the closed Ioop regponse, and thus the

| ocki ng characteristics of the digital PLL. The

AT HRE B By e BPEShRe Po b H2eBaF dtprmineg by he

shfdmgidatios kjemof the accunul ator path gain K and
increases with larger KI gain values. [1082] Digital

pL986300 FIG.|1g\shawean ekemplabidssisnafa wieless deveve in wdieh the digital
i s ' ' 1 ar al og- based

PR Ao Eo Rl Sy Y AR, S R BB RRER may aso

betiableareatedah othier eleaksidc @slicasnpl ement ed on an

iné ratfﬁ%clr_cijit. Low _ power . is achieved by L

198 nat Thy digitel ALE dessled hegH mpayake suplamentediinhan application
00 ; 0 3224 / 0, s .

B e s il i DR et Bisps."a i signal

podoessifes doxicuDIRND), epnogemerble lagit desviceqRLD).oavEkeldt frégrammable

is, achie g\sfith t he adagtivg PFD and adaptive | oop

e By JEEA) bR BroostSen & Copiiole, aRpigro-soniEhishe micEpRIeRessor, and

QiR eRBIrOHic Aanid. " ThE&BitHIEM IC tay 4 qniplerentdd ﬂtﬁi;ﬁgee one or multiple

communi cation system WrelesS device 1200 na
dtegrated cinghid (€) daestamd i thel gneepr thialtiplkedCs. Gor sxamplatdiieunits of the

AR BEL e B P GmePiSH PR [} Qichc Sa oL BED Joop
gltet, haldiviiatany boimpleRichRd RUHRU ! mﬁ/‘ (iﬁN%M and ICO may be

system a mnultiple-irnput nultiple-output (
yyplemepted on apptheolsodial  fr equency di vi si on mul ti pl exi ng
r

t . diyi.si . .
Y, P P BN HSTES LR34 it v
geocessetedidlbgices suapabl0dMO8f NMOS, BiT)Gnbisodnl eCHMOR &kchnology can

nuni Cg\{ ion via_a receive path and a_transmt path.
%%8&‘? bes Nrhel pad EriEel davipes on teapmerdiavdirreas MBS technology
Ls § L yed t . .out ed
A Snf AbiERs QBT ARSI i SIS DB e 15 o e
fabrieateé using differ¢R@eRpe i2d GechiRdogioy &rg. 013 mbi2, 39 nm, and so on).

GRS o BRides e st Bl (SRpmaces s0dRgiE: S copts 800 in FIG.
g oqitrb] ONEH aRdita AL 'bPerQﬁ&H{ iaﬁ@ s68hPmay rﬂé‘%@%}ﬁffg‘g gﬁog’{“%re. For

provided to a digital signal processo
ausaftveare ipplaneantitiog, topredessesr ambs wontrglatiay biatimpiemdnesd with

BRI AR AR, S5 Sl 00 i 1 B s
- Rereihs MHet OBwY dodé2 By beQRAEd I Bek®rPunit fd & ! BERory unit 1230 or
anplifies, and frequency upconverts) the data and
ég)?emaﬁlé}s 12 anéo@@p&@@ by gingeeessorviige pracessop 122%ott domtrotjer 1240).
?’HQ h%ﬁl%rry t’!u%%fha? %g 1&1{91%&%%&‘“‘%%11‘1’ il:hae pall'(r)]ée%snor%%r 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. Various
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



1212 to the base stations. [1085] DSP 1220 i ncl udes
various processing units such as, for exanple, a
woubd#igedapzaccunul ate (MACC) unit 1222, an ari t ROEBUSE004/010866
logic unit (ALU) 1224, an injernal controller 1226, a
processor 1228, a nenory unit 1230, and a bus contro

Hiksiopd BE0 limte 1 o ErpQRieE AT g Mot ot 18 s pRrede widest
o p ERARSTB A Wb biindtp i wad nbdl t208kes Bsbc@lneRlih, 1234

receives a reference signal (e.g., froma tenperature
conpensated crystal oscillator (TCXO)) and generates

Si recessing units within DSP 1220
gﬁ%itosgﬁgﬁgfI%?%f%@@ﬁﬁhﬁﬁnits external to DSP 1220
(e.g., a main controller 1240 and a main nmenory unit
1242). DSP 1220 may perform encodi ng, interl eaving,
nodul ati on, channelization (e.g., with Wl sh codes),
spectral spread, and so on, for the transmt path. DSP
1220 rmay perform despreadi ng, channelizati on,
denodul ati ng, deinterl eaving, decoding, and WO
2004/ 093322 PCT/ US2004/ 010866 21 so on, for the
recei ve path. The processing by DSP 1220 is detern ned
by the comunication system [1086] FIG 12 shows an
exenpl ary design of a wireless device in which the
digital PLL described herein may be inplenented. The
digital PLL described herein may al so be inpl enented
in other electronic devices. [1087] The digital PLL
descri bed herein may be inplenented in an application
specific integrated circuit (ASIC), a digital signa
processor (DSP), a digital signal processing device
(DSPD), a programrabl e | ogic device (PLD), a field
progranmabl e gate array (FPGA), a processor, a
controller, a mcro-controller, a mcroprocessor, and
other electronic units. The digital PLL nmay be
i npl enmented within the one or multiple integrated
circuit (1C dies and in the one or nmultiple ICs. For
exanple, all units of the digital PLL may be
i mpl emented on one 1 C die. As another exanple, the
PFD, loop filter, and divider may be inplenented on
one IC die, and the i DAC and | CO may be i npl enented
on another 1C die. [1088] The digital PLL described
herein may al so be fabricated with various IC process
technol ogi es such as CMOS, NMOS, BJT, and so on. CMOS
technol ogy can fabricate both N-FET and P-FET devi ces
on the sanme die, whereas NMOS technol ogy can only
fabricate N-FET devices. The digital PLL described
herein may al so be




fabricated using different device size technol ogies

(e.g., 0.13 mm 30 nm and so on). [1089] Portions of
woOhevsdogizeal PLL (e.g., process 500 in FIG 5, poTmsess/010866

800 in FIG 8, control of thegsdigital PLL operation

and so on) may be inplenented in software. For a

software i nplenentation, t esses and control may

be inplemented with nodul e 'Y., procedures,

functions, and so on) that performthe functions

described herein. The software codes may be stored in

a nenﬁry urin infegrajed cirpafsePIpLising: 1230 or 1242 in FIG

L) (ISR e BOATP Bl o Bl O £ S5end B and o
ifeadbackesigied, sdniitird) phdses Pr deeefaendel andxeedbadk sigfakh6 determine a
ggocessor, in which case it can be communi catively

U1 BT RPVRRR Hieokebusrse ¥ fopdbackusizrabarandaprovide a PFD output
e n .
ORMPAIY A s 50 06 ROV FERSLETNUIN, fmined by
perphese erkorlandd detectongaime tnd 0 nake or use the present

i nvention. Var i %is modi ficatjons to these _enbodi nents
wi | T BASSTHFH () 9parlte 12 e Sad dilter iecP I opinat ahd provide an

\ . )

B B e S Al Ak R LI xbjved en the PFD

PW@uspirit or scope of the invention. Thus, the

present invention is not WO 2004/093322

PCT/ US2004/ 010866 22 intended to be limted to the

enbodprent Fhe fanatie cRélt HlailS], roriRg cBfpALHEd t he

w dest scope consistent with the principles and novel

f eat ur§sallafer epcsefiviede apeeivy theo d owmpiTandprovide MEDs¢iBator signal

: P /010866, 23 CLAIMS 1. An

m@%g%%g%gﬁfr&?%{/bgoﬁﬁ%oﬁﬁgﬁiﬁé agd phase-frequency

det ect dividdrioppratpe ttdcyite e 62RO Sighal, i AAE HeCossil iR signal in’

gnd a feedback signal,_ conpare phases of the _
BIUSHEY BE 2 d3rdorrod ¥y yeheke Niig ane or $reatere fed piomisledhe fredisask signal.

error between the reference and feedback signals, and

provi de a PFD output conprised of PFD val ues, wherein

each PFD v@haimtdgsatad oinéuit efxlainy Byl wigerelaties dite@er din it diusted in
hase. error and a detectqr gain; and a loop filter

%L?“)qub"ﬁanép?%eanlddn?lg@&egéné cking modes he PFD out put

and provide an LF output, wherein the LF output is

updat ed for each PFD val ue received on the PFD

out pud-. The integrated circuit of claim 1, wherein the detector gain is initialized

to a maximum value and thereafter 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.



2. The integrated circuit of claim1, further

conprising: an oscillator operative to receive the LF
woubq@b3and provi de an oscillator signal havi RgTAS2004/010866

phase determ ned by the LF ou%)ut; and a divider

operative to receive the oscillator signal, divide the

osci | l7ator signal in . frequency by a factor of N,

where N i s 1 CogPESeér | and provi de the feedback

si gnah phase-f&fachy aacabEPHD) Gekdtivefto Gbive 4 refRBEEEBnal and a
the detector gain is adjusted in an acquisition node .
faedbaski signal.eompare phasenekthegefasense and fFtibacln siggalatie determine a

i ' i p.1, ~wherej det ect or in i
PhieE; U Tlg e Be et PR TS ER ST iR o 2D outpu
denpisedad RITEReMey, whegdlargeh PRDPR&GLIsY! mAlti-bil valuetdétermined by
i.s detected. 5. The integrated circuit of claiml,
theahase errgs gnpedetestor grinh&d operative to provide a
cl ock, g i . se { ue. in_t .
PED. ol it Tt (5 SRadufeiRelipt af® el R #8 dighlpidfrovide an
LB ougrint whdrhia the I&udyspiit iviupdated forcdack PFD gdled recBived B8 the PFD
integrated circuit of claimb5, wherein the pulse in
PWB“‘%I ock signal for each PFD value is delayed by a
particul ar amount of tine relative to a start of the

PFD val ue. WD 2004/093322 PCT/ US2004/ 010866 24 7. A
devi c8& conpniappargtus aophasiegf r equency det ect or ( PFD)
operative to receive reference signal and. a i
feedb’é’gﬁnssfoé n@pary éespﬁfag 55%6?11 hségriagfaéiieanéf@dhﬁa‘ signal to

deeeias k phisaRALE bétieteiRrBleRfcdand RRGGAR KgRhisPet ween
the reference and feedback signals, and provide a PFD

out pumeansdippioyeting piEe-fegensy, detdetr ¢PRDpawthuRRmprised of PFD
b B PP Bt L o BT HRFRS: eror and o

apedigitdang to receive and filter the PFD output and
provide an. LF out gut wherein the LF output is
updat Beatsder BlermerhePiR) quepyt éx ebteiack lopp filter @FDoutput;
out p . rising. .means for .
conpanes of BraRRSE A oAl el A hes otarmipad hy the LF
sitputabnd o  determi ne a phase error between the
ref erence na,t edback sjgnals; nmeans for providin? a )
phascRFIEaE egzdela&ﬂ@c?saﬂl Prtgnabin Faqueseyiby iasieton Pt PHD obtain
8 RBac e W PR BV Abkg, | S @ mul ti-bit value

by t 0

eterm ne e phase ertor and a

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.



detector gain; nmeans for filtering the PFD output to

obtain a loop filter (LF) output; neans for providing
wanomwoesdzk at or si gnal having a phase det er m nedCibyskina/ 010866

LF output; and neans for divheing the oscillator

signal in frequency by a factor of Nto obtain the

f eedbagk signal re N is.one,o0 reater..9. An
i nt eg?gt ed &F FUERH eﬁ&ﬁﬁ?llt gfﬂalm % %ﬁg‘?ec-ofl}pé’&%hcy
det ectflos¢ifthib) opdativl foiecdive tHROEF Yetpat Ak ?ﬂo@f&éeansdsgmﬂltor signal
and a feedback signal, conpare phaSe of the reference
8rygAaa R Phessidetrmiied Dy the LFI?QE’I“@S@@@ack si gnal, and
provi . e hsed .of Ja.. nce. . .
ee BiAASGERLRE SR ORANES B S0 By ionat
fleqtidney byhda@binefN.oihdrb N is ehe begketes iagd plovide ha Féadbadk signal.
|ate with respect to the phase of the feedback signal;
and a loop filter (LF) operative to receive and filter
t he deject c (gUrAVA , ' .
the 1 abp. 1 i1 ereegled a5 o i finthl Bl SlA3E Blpftasive o
afcrensel it oap bapdvaidth ifackex phaspefr&l bitwbasthd referdree and feedback
%.%g enc of%fohase error values. WD 2004/ 093322

?8§?§@%¢ 10866 25 10. The integrated circuit of
claim9, further conprising: an oscillator operative

to receive the LF output and provide an oscillator
si gnall2. hathegntegrateds eircist of ralaved 1 by whiein Eheoldrgeitphase error is

nd a.divider .operative to receiye the oscillator .
BPGeia H SR SRSt BF epRebRRE nlfen cffor Ve fes qudegremplarity are
geckael o thefdefdctonbeipat. N 1S one or greater, and provide
the feedback signal. 11. The integrated circuit of
claim9, wherein the loop filter is operative to
i ncreage t l wi.dth if |_ar ge ase or. .
bet veds: ¢ hdt SRenaRAHEh e, Piegfin B Bopgis operative to
dedrest el lod@2bantvadthit £ gmhall evkrege shaké eddr i€ datesfed. 1,
wherein the | arge phase error 1s detected if a
particul ar nunber of consecutive phase error val ues
W th me I r . I3 [ e
out put 13 0 pleBEout SFEKE . PR BELEE! e pgse cror
ishdetéodaiiff fdrtacdesighatefiaimd witglonwg thelaambases pHage kQOPvalues with a

andwidth if a.small average phase error is detected.

?lﬂs.t iy ipdigetigetre sy, Pt thst fegireiice, signal (iR@Eesary: Heegual fo the
ftRbr 8Y PhAQCRRAFAuE i |ihai ‘
e ol S %%ﬁ%@é?%ﬁ%ﬁg‘%‘é’g@ the phase of the
Veatlbark signahbeng 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 error values.



first polarity, indicating the phase of the reference

signal being early, is equal to the nunber of phase
wenomrossabues with a second polarity, indicati RgTHUS2004/010866

phase of the feedback signal geing early. 15. A

devi ce conprising: a phase-fr% uency detector (PFD)

operag%ve to receive a reference signal and a

f eedbadk s HRParas fORPESING s o of the reference signal
agai NeteaRd dCc@Rhipdrhi pieReback reilgnd! sigﬁaﬂdarﬂr PVb&Badk signal to
detector output conprised of a sequencg& of phase error
deletiaine a phaseterism dstavesn it refas¢nce and déedbsdkraignatset her t he

phase_of reference, signal .is early or ate with

res pe&ea?éo E‘(frh%mﬁﬁg%geaoqefelcﬁ)é ?“é@fib%w%ﬁg H£|P_, asgefroy values, each
bhase élidrtvﬁlue(ihlﬁ)catﬂgéeﬁvﬁéﬂh&eﬂfe%Haﬁ‘& 8f wR RRFerdde!siflal id6arly or late
detector output and provide an LF output, wherein the

vedgesert tethg rhasp af teifeadback Bignalist | oop bandwi dth of a

digit - 1. L sed.on the uence

Oy O b B DRPSFCLAEEdc 00 Bl BE35 16 S EERUERG e
PCT/ Uizt {od baRisting Wop bhfidwidth app didial phase 1Pdkied 164 (PLL) based
nmeans for copparing phases of a reference signal and a
Pégﬁﬁﬁﬁﬁﬂ§P@ﬁEW“FSﬂoﬁﬁﬂﬁﬁnine a phase error between

the reference and feedback signals; neans for

provi ding a detector output conprised of phase error

val ued7. eadn intepatsd cdrcnidcomptisiagi ndi cati ng whet her the
phase of th referg ce ShﬁﬁﬁL is early or late wth

r espef PR FFRCRRHCIeTPr QRSERYE O 3pq5iE @ TeiRrspes Figpal and a
Felib R fighal i L L8 rovi
Lo . APt O R e 2 ReBaliy BRndlh o provide o
BFDaugiivgi t al phase-1 ocked | oop (PLL) based on the

sequence o error values. 17.. An_i rat ed )
circuft ooé)oﬁlﬁ%@?ﬁ aPergt%ehE?s@f:?lV%aﬁiﬁgﬁr ﬁ‘g{i}e{[? gHPPHLs) provide an
DP®iffut;vwedt o receive a reference signal and a

f eedback signal co;&are phases of the reference and

f eedbaekrert gigiakto-anmograwvede GDASKDpewatyao;receivand convert the

Hlter (L tiV: 0. eiye d.fiter t.he PFD
e RS W B SRR AL RO

di gi t al -af firseseadi@goCI0 Béeretl Rurréht30fces) Merd LYSart ﬁlt?er greater than
recei ve and convert the LF output to current an

pr GWPd &achh stepsad BESHhtSOUIcRePToDAEIS SeTreRti toy the DAL output when
SCGhiHon dnd3b SFEEH ofbithd Whbn SRHERADE WhET e L TS an

i nteger greater
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.

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

a current controlled oscillator (ICO) operative to 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.



one, each steered current source providing current to

t he i DAC out put when switched on and to circuit
wgnrond3dzhen switched off, and a second secti ORCODUSEV04/010866

singl e-ended current sources, ;ywhere P is an integer

one or greater, each single-ended current source

provi di,ng rrent to, the.i DAC output . when sw tched

on. 1_3.9_- T heriigratedh e el Pl "derRn the PuiRglgended current

GOHNREd £k ABsigifedal Pr&ile &AM dbhinebRkhd, at or (1 CO)

operative to receive the i DAC output and provide an

oscillator signal having a phase determ ned by the

i DAC qut putyy, _and a. di vi der .operative to peceive the

bert 2t b T Gehudd iteli'of BRI, Vst 85 el chapt sources
Skregdsignby t@proaide @iffGEntNmoMAGY of chirb®. one or greater,

and provide the feedback signal. WO 2004/093322

PCT/ US2004/ 010866 27 19. The integrated circuit of
clainb}7, g%g %Q&@J?h‘ﬁéé %gmvpded current sources

are désigne 0 °provi de unts of current. 20.

The i ntggsafreguenty deicttod (PEDRoOperdiive tohesdida trbRrdnce signal and a
stqﬁgr ed current sources _are designed to _provide )
dradpasietignalnerimpage ghases of éha reforence gnd; fsedhgek sigpals, and provide a
. 1 el - c P o
SHEE USRI, f IS Solf SHENTUAISHRE) ol PR inictng
weettiza e phiasmal the cefapacesipivd sesarhyf ortline widf ermoec & the@hase of the

feedback signals, and provide a detector output
éﬁﬁ%?ﬁ%%ﬁﬂ%ﬁ phase error val ues, each phase error
val ue i _&ﬂil%aﬁxfif‘gperﬁ’tlﬂ%t fe&kcdifCaml@st @F deltftor %ﬁ.lgglg W(i)@ a detector

signal is early or late wth respect to the ph
ighia anfl peeindek PEDguigut; andscal i ng unit operative to

recei ve _and, scal e the detector ,output with a tector A
gai n gncc?nﬁf’]owlg eOPSralgrYf)qS JEpaYe ﬂ&n‘g&?ft%roﬁ‘l“%'i’ ‘{‘j??ﬁcf for changes in
QORFia} b¥ thel fhatk@efbl Qalllbs 2688 taAfisO theOdbiRIr gHe1H8Ed §Pthe detected
changes in polarity of the phase error val ues, and

shangss in haseler@qodiitijai n based on the detected
changes in phase error polarity. 22. The integrated
circuit of claim2l1l, wherein the PFD output conprises

a segpenc@hefintBitedalireas of eiemPHDwhatdie tHeOPF® duthut comprises a
phase error value in the detector output, each PFD
vedugacen al, PR walugsy ona i) valwe dop pagihphse eseor evalusy in the detector

\gégthaﬁﬁ &Rfl FFp TRERI hHGG qegigﬁ et ﬁ}h ﬁledsflaes%t &or 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 signals;

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;



23. The integrated circuit of claim2l, wherein the

control unit is operative to initialize the detector
wgaoo¥/bss2a maxi mum val ue and thereafter decr eaBeTiisen04/010866

detector gain whenever a chanpge in phase error

polarity is detected. 24. An apparatus conpri si ng:

nmeans Qf .a. re nce si gha d. a

f ooabding TN ERAipg e B3Ry Rueft Finch SEiEFsr el i’ phase.
tﬁbquerggrere%am(wm hapeback signals; neans for

provi ding a detector out put conprlsed of phase error

val uedneaps g defsriing fos chyeey H) mlarultmi thernhage em@twbxesxm

phase t

res peél?é t %)ﬁfrh dﬁsﬁhg ?&%ﬁ&a#alh &g?%)‘%%fx? %ges If'phase error

DODRMitY 93322 PCT/U82004/010866 28 neans for scaling

the detector output with a detector gain to obtain a

phase- frequency detector (PFD) output; neans for

det echkng 0K A1 b r S

val ues; and ngang%?E&ﬁgg?ﬁgkﬁﬁg%%ﬁg&g%QEg?gﬁﬁQﬁﬁﬁ,8&npnmng

based compatatgphzcsds ofiangésence gigrmb enérar feedbaeR| sdgrial Yo determine a
I erform n(? eﬁgbs -fre uency detection

P )errOE FP%hﬁ’ erSRANT S¥LelSpf a reference

si gnalpr@&iding af W&tﬁﬁt%pﬂs@d @?E)ﬁﬁs@ &Hordval a§§:h phase error

error between the reference "and fe k signa

Wﬁ](W II@I‘F@HIQ Vﬁ@ﬂ”@tﬂtﬂpm olithe ceferencs signalfis pdrhser leﬁervnth respect to
ﬁﬁ Eeaga e.er val ue indi cati ng whet her the
SO P ESHRIKS S|gnal is early or late with

r es pe@éalfhg thd detedpbianme f\mﬂlfhedét&ﬁﬁtg%ﬁktosdb%ﬁhPF@:&hbﬁ’cg

the detector output with a detector gain to obtain

PFD odetgefing Oﬁéhaé’@?ﬁ W@d%ﬁyeﬁﬁlﬁ@égsq arop yrkies;tapd of the
h t det ect
Pacod e He UGBy B8 pRANR deREABREh BEptse B pptarity

An integrated circuit inpl errentl ng a phase-frequency

detec%gr (PFD), conprising: a first flip-flop

oper atfve £9 Pirgsaied CHC‘FIEF@P]@W?E’“%E grizhaserfigquency glstector (PFD),
.and provide a first signal having transitions

det m%ed by the reference signal and being reset by

t he red@st Sipgfied ppera‘s'm:tmchcéivbm tdferpnapsipndli and 4 @eset signal. and

rec ve .a feedﬁ ck Si L t he reget Si naI and

B’f"éf et fizst Steoah haang AEnstHORS dRyerminges by s eTeigRos Signrband being

Ruetttiant geelasiersi gnal and being

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.



reset by the reset signal; a first latch operative to

receive an inverted first signal at a data input and
woOhers/wezond signal at a clock i nput and provi 8eTAIS2004/010866

first output signal; a secongglatch operative to

receive an inverted second signal at a data input and

the first signal at, a cl.ock in and pravi de, a_se

out pdT. of ghhs miegraict BuGit B Fah Ay SRk fie, % fof SR8 output
G0N Y8 LSt piBRE of T Rdereh@Ndibeal 58 Gally QY ilate Witterespect to
s?é%gsl'tl\ﬁg}%%gwﬁéf‘or ?he first and sec% flip-flops. WO
RA6A60A8 B2AbREELIBL004/ 010866 29 27. The integrated
circuit of claim?26, wherein the first and second

out put signals indicate whether phase of the

ref ergnce idneratsd @REUY 0O tlaba s, willefenn @spficst ahd second output
phase of the feedback signal. 28. The .integrate

d
dgnaduprovide phesd evorovalugse iraterdetermined; by, kgdusasigh gf the reference
out pu si.gnal s provi de phase error values at a rate
ﬂété?%a%ﬂgﬂﬁs'frequenci es of the reference and
feedback signals. 29. The integrated circuit of claim
28, wherein one phase error_value is_ provided for .
each PhaseThoipesrpied reifsaH; %913%§Wé?lﬂ Wepq’l‘aég gfror value is
signal ¢ € | }?é}%dsﬁﬁp@/ﬁ el e rbsRPSigAdl rbde® the first
g’iogi@dg?r %gﬁﬁh%%}ggﬂpgagﬁ%na | soh peri ggl. 30. An gl
it Re6rat fig-fopsatite seongidach ploase aompaysohipetied. ( LF)
operative to receive and filter an LF input with first
and second gains and provide an LF output; and a

contr unigb, 5 aldl Heut eotaps@hy€ a detector output
from gb'phaléié-l r (eqluenccyu d%tgct o%, PFD) indicatin

whet hetoaptfitee (OF) eperatfverterrseiveiand diltet an bR inpypt B’ﬁth%ﬁﬁteﬁmd second
wi.th espect hase of a feedback signal, perform
Eﬁa%@ctﬁ’rf’gﬁ%eaﬂ 5@\‘“@1%0??% he detector output, and

adj USE dolioll 1i lopaRatlvs e6 easkignh ristdens ashymn fesw phaseffrequency
the phase error analysis, wherein the first and

detectnd (P indiestio nvResheroplissh @A dwrelenenesn 8 eadl s Gaglyofr lete with
digital h I d, | t [ :
Foste A RUBRS Bhd BRI a0k e, S A W e detector

o8 2A8 8Gusithe Bist afd sezbad Faid9basel eneesults bé theghest aror analysis,
out put conprises a_ sequence of phase e

Iror | ues, .
sdotvimphesisetniorecosd §eins AFERNE KpPRRBCNAHD RY dBRaLIS offa digital

t f i < t

Pl FEl KR TPRLYARY iR ofodl fitdia the fhaba0tcnck, Rctector.
Ci rcui_t of cl a! m 31, wherei n_the co_ntrol unit iIs

oo 36t bR MR CEPUAAGCLER oA har LS ARG Sygu 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 to 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



phase error is detected. 33. The integrated circuit of
claim 32, wherein the control unit is operative to
wdet@aw3for the | arge phase error by counting ROWSR008010866
consecutive phase error val uegyWO 2004/ 093322

PCT/ US2004/ 010866 30 with sane polarity and conparing

t he nunber of consecutive sa olarit hase eryar

VA R lare o] et P REReL oL st HE saga polpRey phase error
VAKiBgA @R a piddeithinindll bhitivalidl, wherein the control

unit is operative decrease the first gain, the second

gain, or both the first and second gains if a small

avera ph .error J4s t ed.,35.. The inteqgrated. X
ol rourt of 10F tbdled Grafi i ComeraR dfpatrd vl is operaive
dpaeakitie firq gailgtiiesedont dahe ofHRH tiRVEFAERd RERRE %ﬁfsoﬂf a small
by counting the nunber of phase error values wth a

fyerage pheseapiresis delgctee nunber of phase error val ues

with a second polarity within a designated tine

wi ndow, and wherein the small average phase error is

decl aggd i Tht heegratedogtuiodf ¢lhias®4, eviieddin VIR de@sroWiiblistoperative to
first palarity is equal to the nunber of phase error

fetetielor fher fmalhavesagcophpsp sirar bY goumies the nupar of plgse error values
SRR 3 AT S AELEELRE it
geagmtalf time vahdownael whepaml the smalrdvgrage phasecerydrti® declared if the

respect. to phase pof a..feedback signal; neans faor
AEEBEL Gt 3eEraE ey 9iBHS B P BRI I cud Qi guer of phase error
QghgywﬁhﬁﬁQ@&nﬁg&ﬂgﬁ&pcting for a small average phase

error in the detector output; neans for increasing

| oop bandwi dth of a phase | ocked |oop (PLL) if the

| ar ge pha]g‘?_l error is detected; and neans for
decre%g'i ng HEPHSYE BIRUA &t h if the small aver age

phas enfbfisofori réceidiaf &€ §@6btor3dutphs FBIND Phide-Bdju (}j@é}ector (PFD)
| oop bandwi dth of a digital phase-|ocked | oo PLL),
BeiRstng vigther plase wif ageierance signdris eurlyon loterwith gespect to phase of a
?e%ﬁga%kfsi guency detector (PFD) indicating whether

phase of®a’reference signal is early or late with

r espegicaisfopietsetingffofa l@goiblae errsi igid detet@bresiltpitg f or

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

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



detecting for a small average phase error in the

detector output; increasing the |oop bandwidth if the
wobarg®ophrase error i s detected; and WO 2004/ 09B822IS2004/010866

PCT/ US2004/ 010866 31 decreasgg the |oop bandwi dth if

the smal |l average phase error 1s detected. 38. An

integrated.circuit i npl e i n loop filter (LF) for
2l o8 Soop el Bihd Bl oV fentens frp it detecta.
first carry | ookahead adder (CLA) operative to receive
and suma loop filter input and a current accunul at ed

val ue3énd pwontegeatethcitqddmpleragiingal laop dilton (LB, fona digital phase-
hakSdy %g?f)gf‘ii\é?méﬁ ilhg.cei ve and store the updated
f°ate atue tr

accunu mthe first CLA and provide the

cur r eatfirsiceanuloakattad atidee;(CLA)I opstativeitd reRefeddrdvéint @ loop filter
receive and scale the current accunul ated value with a

Pk ande PR eph Pers mtiiey A #nd REovide sp updated pecynaated value;
val uey 1§tc§ i%?)@ﬁﬂvé“% E‘ecg%traﬁh' s¥éte the gﬁ&ﬁé&/ Fed lﬁ&gk%ue from the

the | oop ter 1nput w a secon galﬁzva ue
firsd (Il dearal woein thd atrentadimbatedatales; and a second CLA
operative to receive and ., sumthe first and second

i nter ﬁ@&ftd{nét ORFEHIFESTO JRRFIY Y Sdleathe sypent aocumubindpyalue with a
fﬁ?st gdin&alueland pRSvEGe & Hif st HirdmRliafd Ri1fR, 38, wherein the

irst and second units are nultip 'ers. 40. The
i nt ege aeeadoinitceperatiye tolredeime381d sehlerthe hodph&ltér inptt witll a second

second units are nultiplexers. 41. I nt egr at ed

BfF Saie 4P pruilert reftpdBerERE ol 8 -t o- anal og

conv ey tsedond(CDAGper£RERD 18l arfll hilch $he $i8% tan@Se@dndlintermediate
steered current sources, where L is an integer greater

vHaes andpeovidea tooptfdier edtpolir r ent source provi di ng
current to an i DAC output when switched on and to
circuit ground when switched off; and a second section

of P 39.ngl Thehdagdated clréiit oSEbint 88, wNdeinh& fitst aBd second units are
i nfeger one or (greater, each single-ended current

wyliidierspr ovi di ng current to the i DAC out put when

swi tched on, wherein the P single-ended current

sources provide sanme anmounts of current. 42. The

I nt eg4@t edThe integrited tircdivofMeldiin 38\heliceein thd firdt abd €®RoRd units are

cuTrTnt sources provide different anpbunts of current.
multiplexers.

41.  An integrated circuit implementing a current digital-to-analog converter
(iDAC), 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.
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integrated circuit of claim41l, wherein the first
weeai40oss22 npl ements L | east significant bits 8€TIS2004/010866

i DAC, and wherein the second ggction inplenments M nost

significant bits of the i DAC, where P = 2M -1. 44. The

integrated circuit of claim43, wherein for a val ue of

Vin an Mbit digital control for the second section,

wher e49, <- TWOinddfratkd ci¥ciit OdISneAT&ehepdih HIRI irst $RHEE Blplements L

sel ected from anong_the P singl e-ended current sources
lgagt signifieans hity gf the IDAC, and wherein the second section implements M most

significant bits of the iDAC, where P=2" -1,

44.  The integrated circuit of claim 43, wherein for a value of V in an M-bit

digital control for the second section, where 0<V <2™ —1, V single-ended current

sources selected from among the P single-ended current sources are switched on.



