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LOOP BACKGROUND OF THE INVENTION 5 I. Field of the Invention The present

i nvent i onwigaiabess to communi cations. Mre particularly, thegRoesent

i nvention relates to a novel and inproved nethod and apparatus for
frequency tracking of nultipath signals which have been subjected to
doppler shifts. 10 Il. Description of-the Related Art Frequency tracking

| oops are comonly used in direct sequence spread spectrum comruni cation
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spread spectrum communication systems such as that described in the 15-95

over the air interface standard and its derivatives such as IS-95-A and ANSI

15 J-STD-008 (referred to hereafter collectively as the IS-95 standard)

promulgated by the Telecommunication Industry Association (TIA) and

used primarily within cellular telecommunications systems. The IS-95

standard incorporates code division multiple access (CDMA) signal

modulation  techniques to conduct multiple communications

20 simultaneously over the same RF bandwidth. When combined with

comprehensive power control, conducting multiple communications over

the same bandwidth increases the total number of calls and other

communications that can be conducted in a wireless communication system

by, among other things, increasing the frequency reuse in comparison to-

25 other wireless telecommunication technologies. The use of CDMA

techniques in a multiple access communication system is disclosed in U.S.

Patent No. 4,901,307, entitled "SPREAD SPECTRUM COMMUNICATION

SYSTEM USING SATELLITE OR TERRESTRIAL REPEATERS", and U.S.

Patent No. 5,103,459, entitled "SYSTEM AND METHOD FOR GENERATING

30 SIGNAL WAVEFORMS IN A CDMA CELLULAR TELEPHONE SYSTEM",

both of which are assigned to the assignee of the present invention and
incorporated by reference herein.

FIG. 1 provides a highly simplified illustration of a cellular telephone

systemn configured in accordance with the use of the 15-95 standard. During

35  operation, a set of subscriber units 10a - d conduct wireless communication

by establishing one or more RF interfaces with one or more base stations 12a
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combining information signals from those base stations. Searchers are
described in co-pending U.S. Patent Application 08/316,177, entitled
“MULTIPATH SEARCH PROCESSOR FOR SPREAD SPECTRUM

20 MULTIPLE ACCESS COMMUNICATION SYSTEMS”, filed September 30,
1994, assigned to the assignee of the present invention and incorporated
herein by reference.

In any passband digital communication system, such as that described
above in relation to FIG. 1, there is a need for carrier synchronization. The

25 sender modulates information onto a carrier at frequency f., and the receiver
must recover this frequency so that the received signal constellation does
not rotate and degrade the signal to noise ratio (SNR) of the demodulated
symbols. In the following discussion, the sender is a CDMA base station
and the receiver is a CDMA subscriber unit.

30 Although the receiver knows the nominal carrier frequency, there are
two main sources of error that contribute to the frequency difference
between the received carrier from the base station and the carrier produced
at the subscriber unit. First, the subscriber unit produces the carrier using a
frequency synthesizer that uses a local clock as its timing reference. An.

35 example RF/IF section of a conventional heterodyne CDMA receiver is
shown in FIG. 2. A signal received at antenna 200 is passed through low-
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frequency error and applies a tuning voltage to VCTCXO 222 to correct it.
The second source of error is due to frequency doppler created from
movement of the subscriber unit station. The doppler effect manifests as an
20 apparent change in the frequency of a received signal due to a relative
velocity between the transmitter and receiver. The doppler contribution can
be computed as
o= Y cos = ‘icos@
T

c

where v is the velocity of the subscriber unit, A is the wavelength of the

25  carrier, f is the carrier frequency, and c is the speed of light. The variable

0 represents the direction of travel of the subscriber unit relative to the

direction of the received path from the base station. If the subscriber unit is

travelling directly toward the base station, 6 = 0 degrees. If the subscriber

unit is travelling directly away from the base station, 8 = 180 degrees. So the

30  carrier frequency received at the subscriber unit changes depending on the

speed and direction of the subscriber unit relative to the received signal
path.

As mentioned above, CDMA systems use RAKE receivers that

combine symbol energy from different paths. Each strong path is tracked by

35 a finger that performs despreading, walsh decovering and accumulation,
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subscriber unit is tracking, the frequency doppler seen by each finger can be
different, as illustrated in FIG. 4, which shows subscriber unit 400 in 3-way
soft handoff with base stations 410A- 410C. Subscriber unit 400 is traveling at
20  velgcity v and receiving signals from a variety of paths labeled Path 1
through Path 4. Path 1 comes from base station 410A at angle 6, equal to .
Path 2 comes from base station 410B at angle 0,. Path 3 comes also comes
from base station 410B but reflects off building 420 and arrives with angle 0.
Path 4 comes from base station 410C and arrives with angle 6, equal to 0.
25 If we assume the subscriber unit has four fingers (labeled finger 1
through finger 4) and that finger i is tracking path i, we can see that the

vf
doppler seen by finger 1 is ™ —, the doppler seen by finger 2 is f —©080;  the
f vt
doppler seen by finger 3 is —°95%3 | and the doppler seen by finger 4 is * -j—
~where v is the subscriber unit velocity, f is the carrier frequency, c is the
30 speed of light, and 6; is the angle of incidence of the path with respect to the
direction of subscriber unit 400.

To reduce the frequency error, CDMA receivers typically use a
frequency locked loop that can be modeled as shown in FIG. 5. Frequency
error detector 500 computes a measure of the difference between the

35 received carrier frequency w(n) and the synthesized carrier frequency @(n).



Path 2 cones from base station 410B at angle 02. Path 3 cones al so cones
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t hrough finger 4) and that finger i is tracking path i, we can see that the
doppl er seen by finger 1 is - v} , the doppler seen by finger 2 is V~ cos62
, the f' doppler seen by finger 3 is vL cos 03 , and the doppler seen by
finger 4 is where v is the subscri ber qglt velocity, f is the carrier
frequency, c is the 30 speed of light,”and Oi is the angle of incidence of
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the voltage controlled oscillator 680 using pulse-density modulator (PDM)

670. Pulse density modulation is a method, known in the art, of converting

a digital signal into an analog control voltage. This method applies a single

20  frequency correction (by changing the local clock frequency) that affects all

the fingers. In doing so, it basically neglects the individual doppler
frequency error component affecting each finger.

As stated above, the frequency error has a local clock error component

that is the same across all fingers, and a doppler component that is different

25  across fingers. The conventional approach just discussed does not address

the doppler component. Although the frequency doppler is not a serious

problem at low speeds, it can become a problem when travelling at high

speeds, such as on a bullet train. For bullet trains travelling at 500 km/hr,

the maximum doppler is around 880Hz, which can severely degrade the

30  demodulated symbols and lead to dropped calls. So, for travelling on fast

moving vehicles such as bullet trains, and in any other application where

doppler effects on individual paths vary, there is a need for an improved

frequency tracking loop in a CDMA receiver that considers the effect of
doppler on each finger.
35
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these frequency errors is calculated and filtered to provide a control signal
for varying the frequency of IF and RF frequency synthesizers. This feature
of the invention accounts for the common frequency offset seen at each
finger. ,

20 Additionally, each finger is equipped with a rotator for providihg
frequency adjustment specific to that finger. The frequency of each finger is
‘adjusted through feedback of the frequency error for that finger. One
embodiment of the invention accomplishes this by subtracting the frequency
error component of a finger from the overall weighted average, filtering the

25 remainder, and with that filtered remainder controlling the rotator for that
finger. In this way the weighted average of all the errors is used to drive the
common frequency synthesis and the difference between the average and
the specific error for each finger is used to drive each finger’s individual
rotator and thus its doppler frequency compensation.

30 An alternative embodiment uses the independent frequency error for
each finger directly by filtering it and using it to drive the rotator for that
finger. Thus, the independent frequency errors are used to directly
compensate for the doppler on each finger. These frequency errors, now
doppler adjusted, are then weighted and averaged, the result of which is

35 filtered and used to drive the frequency synthesizers. This weighted average
accommodates the frequency offset component of the frequency error as well
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the 5 spegd g{) t s%‘é@&ﬁﬁlwe rh%ré)%e% %&ttgé{laﬁ{ﬁlﬂghggoﬂy al Bcfor an
alternative e I ment_ can her refine ystem whi ch
ensur es t hstmpped w%d&wn r@sqrzee salgulated éél@{) gribgcbab @N/erabe fymquency

error f ald ukbe {d REEFS. thbnfrteqaehé \SydHsestdsTiedh e Mtrefolre, teR@nr f aher | oop
conpensates for sonme of .the

{ uenc error beforei; ﬂ}g contribution is
el aded | FrefRENSS FEHSs fPoR TOEH 3§ FGh(Regrier s ey emoving that
- finger’s contribution to the We1ghted average of frequency errors, its filtered
frequency error will contribute to the second weighted average, and the
synthesizer loop will be driven by it. Thus, the synthesizer loop will be
20  driven according to the true weighted average of the finger frequency errors.
Timing based on the average frequency error is a useful feature when used
in other parts of a system. For example, a receiver’s timing may be useful for
timing a transmitter to which it is coupled.

25 BRIEF DESCRIPTION OF THE DRAWINGS
The features, objects, and advantages 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:
30 FIG. 1 is a block diagram of cellular telephone system;
FIG. 2 is a prior art RF/IF section of a conventional heterodyne CDMA
receiver;

FIG. 3 is a block diagram of a prior art finger architecture of a RAKE
receiver;

35 FIG. 4 depicts a subscriber unit utilizing multipath in a RAKE
receiver;



not be tracking the true weighted average. The refinenent is to conpute a
second wei ghted average of the filtered versions of the individual

frequencywod/s90653. This second wei ghted average is then mydrgeoigshsby a
factor and summed with the wei ghted average cal cul ated as descri bed above.
The sum 15 is used to drive the frequency synthesis | oop. Therefore, even
if the frequency error for a finger is driven to zero, effectively
renoving that finger's contribution to the wei ght ed average of frequency
errors, its filtered frequency error\g contribute to the second

wei ghted average, and the synthesizer loop will be driven by it. Thus, the

s]}/nz Ees]ic.zer Ioquva\f[sllga 1&%1dﬁfe REnég mkgdrlg 0 the true wei gm :d average
m ase
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conventi onal hemer oglyipea GloFheni@eiof eihe hlternatel embodigekt dia@Emdetoin a
prior art f R; cture of a RAKE receiver; 35 FIG 4 depicts a
subscri bert® {‘CPU&HS g multipath in a RAKE receiver; WD 01/59937

PCT/ U301/ 02747 8 FIG 5 is a prior art frequency | ocked | oop; FI GS 6A and
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configured in accordance with Tﬁ\/ent lon; FIG 8 depicts an
al ternate enbodhmagty afagtahd s'&g@gmdtlﬁaa%ﬂ&nce%th%@f;sx%éﬁdld%r%&ﬂr dance
with the present jnvention;

is shown in FIG. 7. T and Q baseband samples are delivered to rotators 706A

15 - 706N. The rotated I and Q samples are delivered to fingers 700A — 700N,
respectively. Frequency errors, e;(n) — ey(n) respectively, are computed in
each of fingers 700A — 700N, in accordance with finger 600 in FIG. 6A,
described above.

A weighted average of frequency errors e, (n) — ey(n) is computed in

20 block 710. In the exemplary implementation, the weight each finger's
frequency error is in proportion to the strength of the finger's pilot,
although other weightings are possible, such as a uniform weighting to each.
This weighted average is passed through loop filter 720, with adjustable gain
o, and is sent via PDM 730 to voltage controlled oscillator 740, producing a

25  frequency which has been corrected for local clock error as well as the
average doppler which has been computed in block 710 (note that this is not -
necessarily the true average frequency error—a modification with this
feature is described below). The output of voltage controlled oscillator 740 is
used in the RF and IF frequency synthesizers (not shown).

30 To correct the balance of the error on each finger, the difference
between finger frequency error and the weighted average is computed in
summers 702A — 702N, respectively. These differences are filtered, with
adjustable gain B, in loop filters 704A — 704N, the outputs of which control
rotators 706A ~ 706N, respectively, at the front of each finger 700A — 700N.

35 As is known in the art, the loop filters 704A — 704N may be simply
accumulators. Each rotator 706 A — 706N rotates the input IQ samples to



FIG 9 is a refinenent of the alternate enbodi nent described in reference
to FIG 8. 10 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENTS A bl ock
di agram cougf g1ggéxrd i n accordance with the present inventi Qigt/gsosgmn i n
FIG 7. | and Q baseband sanples are delivered to rotators 706A 15 - 706N.
The rotated I and Q sanples are delivered to fingers 700A - 700N,
respectively. Frequency errors, ei(n) - eN(n) respectively, are conputed in
each of fingers 700A - 700N, in accordance with finger 600 in FIG 6A,
descri bed above. A weighted average of g requency errors el(n) - eN(n) is
conmput ed in 20 block 710. In the exenplary inplenentation, the weight each
finger's cﬁfﬁﬂﬂﬂﬁcﬁéwa ﬂ?lﬁe iffequeny ep@itdwd td doppﬁrstB}eagdduming fexr fherger' s
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adj ust abl ewlgal mravg?ln@at higls epeedsi is ipOMOY84. t 0 vol tage control |l ed
oscil lator 740,5p ﬁ?@fﬁbﬂge%xﬂﬁoﬁfrﬁ%@é’%\mr@% has;, lce QHJer aedibrf 8 | ocal

cl ock error as wel onputed in

has
bl ock %10 thabodesaribed IhFIG, averaglnbwgéaqi.saml%am@@ a@ de motaigtency
error-a mydehl CHO6RN Whihroidled I 48R 1QAplest@RCaEIRG Bl thged800AL-PUL  Of

vol tage controll ed osci]l at 740 is wused inthe RF and |IF fre uenCé
ach

synt hesi 7 Q09NN 5eSRECHXRYY. 3G TTGUISHr SETOIBheL IR anceN® TRIPESHVELY, 0 RT
finger, t ft@n@blﬁﬁearﬁﬂ@@ch bétfm%@i’s BooWer 860N pireacsordanes wittd firgerweiyhn ed

average | u A unmers 702A - 702N, respectively. These
di fferenc 51&0% ]d]ei;?rélizeechsbwet h adjustable gain (3, in loop filters 704A -

704N, 10he out puA sweighidd averaget ofofrequenicyt enrers7 68A) — QBN is reemmeeteidvéhy, at
the front (}ﬁé\d?%% 4}& ﬂﬂ@ ZxQxQé tP 4RGN deé«.srﬂf&l hﬁo@%'f&gt&g&ftoafo%c t"i‘fb | oop

filters 7 706N
rotates thBisHpeis re@ gwalgegs p@sw MPsgbéqonbé’rveusﬁéﬂ/ vithya ]U@’f%hi? (B8R t he

rest of the ddewisaayviar PDM @30 b dleige! @ntrdlledesalptdrmmd, @froahemgdappl er
? rn a\elgflh| |nn é‘cﬁ/ﬁ%ijcgflhwgﬁglggééq i)ggﬂ.gc!rjogwégd Offor %nblo clocingldruolragé Well aer%he
15 average doppler which has been computed in block 810 (note, again, that this
is not necessarily the true average frequency error—a modification with this
feature is described below). The output of voltage controlled oscillator 840 is
used in the RF and IF frequency synthesizers (not shown).

To correct the balance of the error on each finger, the frequency errors

20 e(n) — ey(n) are used directly. No difference between finger frequency error
and the weighted average is computed, such as was done in summers 702A
— 702N above. Frequency errors e,(n) — ey(n) are filtered, with adjustable
gain B, in loop filters 804A — 804N, the outputs of which control rotators
806A — 806N, respectively, at the front of each finger 800A — 800N. Each

25 rotator 806A — 806N rotates the input IQ samples to correct the rest of the
frequency error due to doppler.

In this case, there are several frequency tracking loops running
simultaneously. Each finger has its own frequency tracking loop that
operates using its own rotator, and there is an overall frequency tracking

30  loop that adjusts the local clock based on a weighted average of all the finger
frequency errors. To allow these loops to operate simultaneously, we adjust
the loop gains o and [ so that each finger's individual frequency tracking
loop operates much faster than the overall tracking loop that uses the
weighted average (B > o). In this way, the overall tracking loop gradually

35 adjusts to the correct value to correct the local clock, while the individual
tracking loops adjust quickly to account for the change introduced by the



An alternative enbodinent is shown in FIG 8. In like manner to 5 that
described in FIG 7, | and Q baseband sanples are delivered to rotators

806A - 80GMd o1/as3rotated | and Q sanples are delivered to gdigsis2890A -
800N, respectively. Frequency errors, el(n) - eN(n) respectively, are
conputed in each of fingers 800A - 800N, in accordance with finger 600 in
FI G 6A, described above. 10 A wei ghted average of frequency errors el(n) -
eN(n) is conmputed in block 810, in |ike manner to that described above
with repect to block 710. This weighteg average is passed through | oop
filter 820, with adjustable gain a, and is sent via PDM 830 to voltage
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aver age is co ut ed a&fﬂ‘? .as vva one in m"rers 02N above.
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Frequency SEF18ASTRS( hys g PtUéF [fegfurg Vé’izi‘j’ §}E‘%5}r§m&géﬁ Hsed,
| oop filtdes IMAthaI‘B@éNlOdtﬁﬁﬂ@ﬂt ﬁUHiie @bcepherciveChinid been rddsatibing. BBEA -
806N, respecti %go%wsat t he f ont

S00A -, 80QN.. E S
rotator S8GEA™MP FBFEP(%‘ ?rﬁBﬁ?‘aﬁ?ﬁ §§ﬁ%i%é§w€5 bogh ?83%‘3 lpﬁg&feéﬁ thof the
frequdficy sesulscribae uhd, dodpit és ofﬂen adwantegemys fdrethe aapsmétver &b rélyegmency
tracking | glg&%[\ tﬂ{\] Q%erﬁfeﬁ”ﬁ); @t@eepé&a Each finger has its own frequency

tracking | eratesusing 1ts own rotator, and there is an overall
f requency trackngegoNhyﬁdbetWth}dﬁqlmagméonﬁﬁéﬁdclfb&lo%§& (and aal@ei ght ed

average ofpigli 18 Hbgtgﬁfed fabsqyewm@cr rr{éEéssaiﬁ adﬂeowvm%%e Jfoaps ttrae
operate S|frrul t aneously, we agjust . Bthé {Hg a and SQ thah el%é
finger's iREAHSTHYaLITOFS qERINAYET RaBiiRG eXYBP D pelt df cOMAR fiBsfeRAREN t he

over all5 t rieekiveg fopapfihfgat todasasdignedal edndvgi’v&gea((ﬂ&rkeaﬁo tdaktiti S
a1 SRR AL PR SRRl EReton i, D B o
qui ckl'y t ocdemodukticiror It Hiis chsegiaei frequehayeetrotsye (he- WR()LABOgdectively
PCT/ US01/ Oéflfded in the computation of the weighted average in block 810. For this
example, assume that initially no fingers are currently demodulating, and
20 no frequency errors are included in the weighted average. Now a finger,
800A for example, is assigned a path to begin tracking. It is possible that
loop filter 804A in conjunction with rotator 806A will drive error e;(n) to
zero before it is determined to include finger 800A in the weighted average
in block 810. Once e,(n) is included in the average (of only one signal in this
25 example), the weighted average will remain zero and the RF and IF
frequency synthesizers (not shown) will not be adjusted by voltage
controlled oscillator 840. So it is clear that overall timing produced by
voltage controlled oscillator 840 is not indicative of the average fréquency
error of all the fingers (the average in this example is for only finger 800A
30 and the average error is indicated by the output of loop filter 804A).
Turn now to FIG. 9 to see the modifications which can be made to
provide a timing reference which is based on the average frequency error.
As before, I and QQ baseband samples are delivered to rotators 906A — 906N.
The rotated 1 and Q samples are delivered to fingers 900A - 900N,
35 respectively. Frequency errors, e (n) - ey(n) respectively, are computed in
each of fingers 900A ~ 900N, in accordance with finger 600 in FIG. 6A,



10 overall tracking |loop. This inplementation wll converge to the sane
solution as the inplenentation shown in FIG 7, so it provides the sane
benefits. wid@sessdepi cts a refined enbodi nent of that desgdrhe@iioiysr
reference to 5 FIG 8. This refinenent is introduced to assure that the
timng created by voltage controlled oscillator 940 is corrected for the
average of frequency errors across all the fingers. This is a useful
feature when the timng is used for nore than denodul ation in the receiver
we have been describing. For exanple,1jt is conmon for a transmtter and
recei ver both to be included in 10 a subscriber unit, and it is often
advant agedescrfted abevd. rl?mqu'emdyeerrbm e ghy —oa,(nk yaredilterede with deljustebleby t he
recel ver. )gl%dgg?nv‘fé%gt e}@ bgpaed 9B¥ﬁr & &RFB’EEI %ﬁ whichl 9&1&):&190 APk al so

bl ock 710 'S no nécessar e average the true
frequency9@6Ao1‘§06bbn1§aSEé¢tl‘é€1}§,| apthe dsontprlecadht finger HORAN— N RA¥@chy 5

receiver Q{8 f)wﬁemdm%ta@ésswpggpﬁgg &ﬁegt@wﬁacm@ha%aé pecifiack it

before_the results of that pat a ve and
denodu? at fBGUEeRAY RFY dwe & dopplery Ql?e‘?%’f}l’@??rbtﬁs(’f Fh ‘Eeséﬂbf-’éaﬁ fi
sel ectuvemveumldm GolironeugaBmbHRIION FIG. 8l ght ed average in bl ock

810. F t hi h t tl
demodulat i ng. AAB8Y S FraBIR o Y B e P RO TIa TP Ee FID) Gl &
aver age. Nom;wtbdngeblock&]@A Howesrpnihlie enmbodissingnado dnphidest Sb@:g‘ld‘l
tg{)‘é‘}ik'w”ﬁ wéx h?ed’%'i/%'r?%{ E(li’iﬂg;utécf’o fﬂblb 1?@1%?%&&?1 C%rﬁé‘@ (}RQ Yﬂtkgkfc{ ot at or

Ve error I's dete to 1 nclude
fi nger108007R1‘$1|@n§Héf oy ht adnhpeodiged innlagpotikes1 904 A OEN( Fgspestivelst uded
in the aven’ragﬁ\e(tﬁédqaheo t8l0Rath 'V\Fblgﬁie'a Zrer@¥eTahDe tHehfaM@Iaghheale
average w | I n zero e RF a

frequency s gf ers gg
shown) wi |4e5ﬁ¥3be @ aaﬁusTba %90%%@ ted gNETARS SANHUKE I‘é‘t og,
cl tear Ej hatr}[m@dfﬁeiﬂf I tacmxmmasr ﬁ?\wm BYockvai et anlexscl;é@mtoﬂsltaﬁwefasm ‘shﬁ{ri(itélr'] 840 ls
not i ndicative age freguen hL0 e fingers e
average i 1§htl odh %Hﬁﬁr"eﬂf%teﬁcﬁve{ﬁﬁ Vﬁ’d’éf k3€idand the average error
i s indbcat ed bylhéecmairpler aff Fl@dhisf sitrtikar 810111&5 8. Tiha sww fromFs@niBeto see
the rodi flagtion %Muﬁaugmoeg A3 wilh AtfjiitaBle geﬂh“& S A

based on t'he average enc aseband sanpl e
are deli varaM 830 tovoliage ongio ecb@gmllator 940, producmg a frequency which

has been corrected for the true average frequency error across all the fingers.
The output of voltage controlled oscillator 940 is used in the RF and IF
20  frequency synthesizers (not shown).

Owing to the additional connections just described, the design of FIG.
9 will always ensure that the voltage controlled oscillator settles at the
average of the doppler errors from all fingers—not always the case with the
previous two implementations as demonstrated in the previous example.
25 In the previous example, before a finger was included, it was likely that its
frequency error was already driven to zero by its rotator and loop filter.
When finally added to the system described in FIG. 8, that implementation
did not ensure that the voltage controlled oscillator moved to a value equal
to the average frequency error based on all fingers. In the embodiment
30 depicted in FIG. 9, on the other hand, the new connections from the outputs
of loop filters 904A — 904N are non-zero and so will contribute to the
averaging process. As a result, eventually voltage controlled oscillator 940

will move to its intended value of the average frequency of all N fingers.
Thus, a method and apparatus for frequency tracking has been
35 described. The description is provided to enable any person skilled in the art
- to make or use the present invention. The various modifications to these



The rotated | and Q sanples are delivered to fingers 900A - 900N, 35
respectively. Frequency errors, el(n) - eN(n) respectively, are conputed in
each of fwagArseeF00A - 900N, in accordance with finger 60@diydhfee746A WO
01/59937 PCT/ USO01/ 02747 11 descri bed above. Frequency errors el(n) - eN(n)
are filtered, with adjustable gain (3, in loop filters 904A - 904N, the
out puts of which control rotators 906A - 906N, respectively, at the front
of each finger 900A - 900N. Each rotator 906A - 906N rotates the input 1Q
sanples to correct the finger specificqp frequency error due to doppler.
The conponents of FIG 9 described thus far have not changed fromtheir

count er pakhthddintdr®s Will AR Ahd¥lg, a efrbﬁﬁitowabsﬂ’lfskﬂledvm abe af, tindatlency
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aver ages tighdud ther ase b the isvarivedaceltyn)Thuse Hie presesd iosdntian| sopotilters
904A - 90 PES e The t Nale] g er age
can be thikggﬁgaaggg%ogéﬁhaeé@}ﬂg?Jgﬁgoaﬁﬁeﬁﬁgggé%@héﬁggﬁbﬂﬁgdﬂé$gH%ge
conput &d iancirdedithe 1widéss scopelconsisteny veidh dbe atrirciplesrand navel deatuges. Thi s
result is r 918 to the first weighted average, conputed in
bl ock 910(ﬁ%g8%ﬁgﬂsgﬁgrﬁder of FIG 9 is simlar to FIG 8. The sum from
sumer 918 is passed through loop filter 920, with adjustable gain a, and
is sent VIWE CDMI®RO to voltage controlled oscillator 940, producing a
frequency which has been corrected for the true average frequency error
across all the fingers. The output of voltage controlled oscillator 940 is
used in the RF and IF 20 frequency synthesizers (not shown). Onng to the
addi ti onal connections just described, the design of FIG 9 will always
ensure that the voltage controlled oscillator settles at the average of
the doppler errors fromall fingers-not always the case with the previous
two inmpl enmentations as denonstrated in the previous exanple. 25 In the
previ ous exanple, before a finger was included, it was likely that its
frequency error was already driven to zero by its rotator and |loop filter.
When finally added to the systemdescribed in FIG 8, that inplenentation
did not ensure that the voltage controlled oscillator noved to a val ue
equal to the average frequency error based on all fingers. In the

enbodi nent



30 depicted in FIG 9, on the other hand, the new connections fromthe
outputs of loop filters 904A - 904N are non-zero and so wll contribute to
the avere@ ngogy7ocess. As a result, eventually voltage cagtohashs7
oscillator 940 wll nove to its intended value of the average frequency of
all N fingers. Thus, a nethod and apparatus for frequency tracking has been
35 described. The description is provided to enable any person skilled in
the art to make or use the present invention. The various nodifications to
these WO 01/59937 PCT/ US01/ 02747 12 eppodinents will be readily apparent
to those skilled in the art, and the generic principles defined herein may
be applied to other enbodi nents w thout the use of the inventive faculty.
Thus, the present invention is not _intended to be limted to the

enbodi ments shown herein but is to orded the w dest scope
consistent wth the principles and novel features disclosed herein. W
CLAIM WO 01/59937 PCT/ US01/ 02747 13 CLAIMS 1. A RAKE receiver
conprising: 2 a plurality of fingers for receiving a signal, each finger
conprising: a firequeAcCRAKE @écewémdmﬁﬁginfgor conputing a frequency error 4
and a fimng adjustor, for.adjusting the timng,of id received 6 signal
in res%)onse toaséiuaglﬁyea{]gﬂgérsef[pr SQCEIIW&PS 8151"%1’39?%5%?}5?&99,%@?%89 ht ed

aver age cal cul at or faofrequapeyt iempracaleupihve donvergueting a respiedcplamat ity of
frequency ery ors; and a timng adjustor for adjusting the timng of said
recei véd & ghals in 10 response to said weighted average for use in said
plurality of fingers tizning RAiEBteeder vastjustingr thel himing? of sdidi neredvedce; a
plural gty Qfnf1iR98Epdnhdd R%Ad i RhSy bor1BF Gb¥ iNGafi GAgLS and 4 adj usting
their timng in re§%onse to a pl reillty of adjustment srgnals to pr?duce
adj usted finger gf,%hhqeg; average calculator’for computing a weighted average o

8 said plurality of frequency errors; and
a timing adjustor for adjusting the timing of said received signals in
10 response to said weighted average for use in said plurality of fingers.

2. A RAKE receiver comprising;:
2 a timing source;
a plurality of finger timing adjustors for receiving signals and
4 adjusting their timing in response to a plurality of adjustment signals
to produce adjusted finger signals;

6 a plurality of fingers for receiving said adjusted finger signals
and calculating a plurality of frequency errors in relation to said
8 timing source;
a means for calculating a weighted average of said plurality of
10 frequency errors;
a timing adjustor for adjusting the timing of said timing source
12 in response to said weighted average; and
a plurality of summers for subtracting each of said plurality of
14 frequency errors from said weighted average to produce a plurality of
differences for connecting to said plurality of adjustment signals of
16 said finger timing adjustors.

3. The RAKE receiver of Claim 2 wherein each of said finger
2 timing adjustors comprises:



6 a plurality of fingers for receiving said adjusted finger signals and
calculating a plurality of frequency errors in relation to said 8 timng
source; awgRARseFor cal cul ating a wei ghted average of sai dqalwRoabriy of 10
frequency errors; a timng adjustor for adjusting the timng of said timng
source 12 in response to said weighted average; and a plurality of sumers
for subtracting each of said plurality of 14 frequency errors fromsaid
wei ghted average to produce a plurality of differences for connecting to
said plurality of adjustnent signals oa4 16 said finger timng adjustors.

3. The RAKE receiver of Claim2 whereifni"each of said finger 2 timng

adj ust ors Cormaf%&gP ﬂQgPlfcﬁQ%éZel L@Qel/ BR7did AdjAtheaP bighh® did

receiving one o ust nent si nd 4 producing a filtered
adj ust frentProryallg arfdteaed@{dm&im%r&&r@é ng said signals and rotating

themin responsg rbﬁhtoﬁ féﬁt&eivlhgegae@ls Bhjals kot stigg dheiro iprrespiaeses & d

adj usted fi rg&g?; ai (Er(icel ver. %g %lafm 3 V\/nerel n each of
sai d fPngéf lteé%‘gﬁ %gxengsxﬁqa gE said adjpgfe g‘%ﬁ%@ Bt ati on
measurer. 5. The RAKE receiver of Claim4 wherein said timng adjustor 2
conpri ses: alopf| ter r

control | ed osci Iat *h é{A%EaRﬁ%ﬁ fegcgf@?fr%{o%‘;\gﬁé?&ﬁ eacg{‘%f S%Id/ IJi@ggrce;

pl ural Rty afmprisger timng adjustors for receiving signals and 4 adj usting

their timng i na?ﬁ%'?%{% o%tﬁa?orpiﬁ& ality of adjustment signals to produce
adj usted finger na plurality of fingers for receiving said
adj ustdd fingera gbgﬁaugtatlon measurer

5. The RAKE receiver of Claim 4 wherein said timing adjustor
2 comprises:

a loop filter;
4 a pulse density modulator; and

a voltage controlled oscillator.

6. A RAKE receiver comprising:

2 a timing source;
a plurality of finger timing adjustors for receiving signals and
4 adjusting their timing in response to a plurality of adjustment signals
to produce adjusted finger signals;
6 a plurality of fingers for receiving said adjusted finger signals
and calculating a plurality of frequency errors in relation to said
8 timing source and wherein said frequency errors are connected to said
plurality of adjustment signals of said finger timing adjustors;
10 a means for calculating a weighted average of said plurality of

frequency errors; and

12 a timing adjustor for adjusting the timing of said timing source
in response to said weighted average.

7. The RAKE receiver of Claim 6 wherein each of said finger
2 timing adjustors comprises:
a loop filter for receiving one of said adjustment signals and
producing a filtered adjustment signal and

>

a rotator for receiving said signals and rotating them in response to
6 said filtered adjustment signal to produce said adjusted finger signals;



and calculating a plurality of frequency errors in relation to said 8
timng source and wherein said frequency errors are connected to said

pl ural i t ywefo1@dp3zst ment signals of said finger timng adj ygtirsiodQya neans
for calculating a weighted average of said plurality of frequency errors;
and 12 a timng adjustor for adjusting the timng of said timng source in
response to said weighted average. 7. The RAKE receiver of Caim®6 wherein
each of said finger 2 timng adjustors conprises: a loop filter for
receiving one of said adjustnent signals and 4 producing a filtered

adj ustment signal and a rotator for receiving said signals and rotating
themin response to 6 said filtered adjustnent signal to produce said

adj usted finger signals; 01/ 59937 /USQ1/ 02747 15,8, .Th KE
receiver of d&m 7%%%6@6ﬁ1v8f ‘%gﬂl-mf’i‘ %é’%&ere? B Pgégﬁ ElAn&erot
denpdubat eongpdseb: a phase rotation neasurer. 9. The RAKE receiver of Caim

8 wherein said tim adjustor 2 conprises: a loop filter; 4 a pul se
density nodul at%P{poQﬁamdéfJL@%ﬁoggg controlled oscillator. 10. A RAKE

recei vér conprisphgse r&atfionimeagpreour ce; a plurality of finger timng
adjustors for receiving signals and 4 adjusting their timng in response
to a plurality of adjustment signals to produce adjusted finger signals; 6
a plurality of %ingeFle RAKEeteseimergok Gilainndj wdieseinf isaige timingn adiustand
cal cul ati rtgmﬁ}?ﬁgég:al ity of frequency errors in relation to said 8 timng
source; a plurality ?Lt | oop filters for filtering said frequency errors and
10 for connecti%%}’cépal €plurality of filtered frequency errors to said

4 a pulse density modulator; and

a voltage controlled oscillator.

10. A RAKE receiver comprising:

2 a timing source;
a plurality of finger timing adjustors for receiving signals and
4 adjusting their timing in response to a plurality of adjustment signals
to produce adjusted finger signals;
6 a plurality of fingers for receiving said adjusted finger signals
and calculating a plurality of frequency errors in relation to said
8 timing source;
a plurality of loop filters for filtering said frequency errors and
10 for connecting said plurality of filtered frequency errors to said
plurality of said finger timing adjustors as said plurality of adjustment
12 signals;

a means for calculating a first weighted average of said plurality
14 of frequency errors;

a means for calculating a second weighted average of said
16 plurality of filtered frequency errors;

a means for combining said first and second weighted averages
18 to produce a timing adjustor signal;

a timing adjustor for adjusting the timing of said timing source
20 in response to said timing adjustor signal.

11.  The RAKE receiver of Claim 10 wherein each of said finger
2 timing adjustors comprises a rotator for receiving said signals and rotating



plurality of said finger timng adjustors as said plurality of adjustnent
12 signals; a neans for calculating a first weighted average of said

pl ural i t ywol#,/50$837f r equency errors; a means for cal cul ati npEa/s®Rend7

wei ghted average of said 16 plurality of filtered frequency errors; a
means for conbining said first and second wei ghted averages 18 to produce
a timng adjustor signal; a timng adjustor for adjusting the timng of
said timng source 20 in response to said timng adjustor signal. 11. The
RAKE receiver of Claim 10 wherein each1 f said finger 2 timng adjustors
conprises a rotator for receiving said Ssignals and rotating WO 01/ 59937

PCT/ USO1/ QRd#/ in %&;&ﬁ%@ t!onsdi&f’rﬂfe?é& fe@yiicd dirbiseice rba el srayadfibicd to
produce sgl d adj uste finger signals; 12. The RAKE receiver of Caim1ill

wher ei # E]%eéfﬂ&%?}ﬁ fingers 2 conprises: a pilot denodulator and 4 a
phase rotation rreasur er. 13. The RAKE receiver of Caim12 wherein said

timng adjusto a loop. firlter; S ensi tor;
and a vol tage ont ﬁg}?gﬁgﬁcﬁ%ﬁé’t‘%rc’f qlﬁl&r%%ﬁ%lﬂr‘e%ec?lvgf S%%l gfl %éka
wherei B saothpmsess for 2 conbining said first and second wei ghted aver ages

conprises: an d %qé ck for multiplying said second weighted
average 4 by gan %:Ijhgh}% t%rl%!n 0 produce a gain adjusted weighted

averagé and an daphase f@ﬁtlguﬂﬁﬁhﬁl@al d first weighted average and said gain
6 adj usted wei ghted average to produce said timng adj ustor signal. 15. A

met hod for fre encytr g in a rec ver conprijsing the steps
of: a) cal cul at 3ng aﬂﬁﬁ t’i‘?c%‘f’e%' 25@ rW}(‘)‘Fr@m said timing” adjustor

2  comprises:
a loop filter;

4 a pulse density modulator; and
a voltage controlled oscillator.

14. The RAKE receiver of Claim 11 wherein said means for
2 combining said first and second weighted averages comprises:

an adjustible gain block for multiplying said second weighted average
4 by and adjustible gai to produce a gain adjusted weighted average and

an adder for summing said first weighted average and said gain
6 adjusted weighted average to produce said timing adjustor signal.

15. A method for frequency tracking in a RAKE receiver
2 comprising the steps of:

a) calculating a plurality of frequency errors;

4 b) adjusting timing for each of a plurality of fingers in response to
ones of said plurality of frequency errors;

6 ¢) computing a weighted average of said plurality of frequency errors;
and

8 d) adjusting timing for the plurality of fingers in response to said

weighted average.

16. A method for frequency tracking in a RAKE receiver
2 comprising the steps of:

a) calculating a plurality of frequency errors;

4 b) filtering said plurality of frequency of errors to produce a plurality
of filtered frequency errors;



4 b) adjusting timng for each of a plurality of fingers in response to
ones of said plurality of frequency errors; 6 c) conputing a wei ghted

aver age ofvgs@alsdop!l urality of frequency errors; and 8 d) a@Tusdogrsti M ng
for the plurality of fingers in response to said weighted average. 16. A
met hod for frequency tracking in a RAKE receiver 2 conprising the steps
of: a) calculating a plurality of frequency errors; 4 b) filtering said
plurality of frequency of errors to produce a plurality of filtered
frequency errors; WO 01/59937 PCT/US01492747 17 6 e) adjusting timng for
each of a plurality of fingers in response to ones of said plurality of

f : It elr_ed f r?q]ch%NCa/dj@SfiﬁgSiinﬁng)fdi‘OéH@ht ofhg plgpﬁitghbﬁﬁng\eg &g;te@ﬁ:oxﬁmi tb
plurality o requency, er.r,ors; ,..an adjusting timng for the
plurality of fing¥Pe 5‘?15318&885%%%03 kg FeuREE R age. 17. The net hod
of Cla8m 16 f urf} hesmpaouiogi s weiglitied asteeqgeodf $aid pduialyy of feedquengyi eyinoxsd
average prior to ggausting said timng 'for the plurality of fingers. 18.
A nethod for frequency tracking in a RAKE recejver 2.conprising t he_ steps
of : all0cal cul atg) nedjashingr tining fsir thee plienadiyy ofr Engersqim)responsg topaidi d
plurality of freq tegﬁﬂgﬁgggs to produce a plurality of filtered
frequency errors; 6 T) adjusting timng for each of a plurality of fingers
in response to ones of said plurality of filtered frequency errors; 8 d)
corrp;Jti ng a fins M}@g&dha&ﬁifaéeimflesﬁird«?l wrﬁ%ﬁfsilgngonhlefmeﬂt?rf?lyeriﬁgrgr S;
10 e) gonmputing.a, second wei ght ed, aver age of _sai uraal i .l tere
frequeficy 58}4 a’g%lghgefffa)v% i ﬁ{frsiéﬁ (il%ﬁlﬁ?g}g aA %’é%&gdf itbﬁt@&rgb rd es;

and fingers.

18. A method for frequency tracking in a RAKE receiver
2 comprising the steps of:
a) calculating a plurality of frequency errors;

4 b) filtering said plurality of frequency of errors to produce a plurality
of filtered frequency errors;
6 c) adjusting timing for each of a plurality of fingers in response to
~ ones of said plurality of filtered frequency errors;
8 d) computing a first weighted average of said plurality of frequency
errors;
10 e) computing a second weighted average of said plurality of filtered
frequency errors;
12 f) summing said first and second weighted averages; and
g adjusting timing for the plurality of fingers in response to said
14 weighted average.

19. The method of Claim 18 further comprising the step of
2 multiplying said second weighted average by a gain factor prior to said
summing of said first and second weighted averages.

20.  The method of Claim 19 further comprising the step of filtering

2 said sum of weighted averages prior to adjusting said timing for the
plurality of fingers.

21. A method for frequency tracking in a RAKE receiver
2 comprising the steps of:



g) adjusting timng for the plurality of fingers in response to said 14
wei ght ed average. 19. The nethod of Claim 18 further conprising the step of
2 mul tiplwiog@/ssed7d second wei ghted average by a gai n fact gicmpgdo@i24® said
summ ng of said first and second wei ghted averages. 20. The method of Caim
19 further conprising the step of filtering 2 said sumof weighted
averages prior to adjusting said timng for the plurality of fingers. 21.
A nmethod for frequency tracking in a RAKE receiver 2 conprising the steps
of : WO 01/59937 PCT/ US01/ 02747 18 a) ; | culating a plurality of frequency
errors; 4 b) conputing a weighted aver ge of said plurality of frequency

errors, ©) adigSLRaIAR BRIARMI B Rkieaby bhapl; T1 noers n esponse Lo

said 6 weighted average;

¢ suptracti each of saj.d rality of
frequedcy error® FPBYRWEHISA vEel Yetjlh?‘éﬁia&‘?/ég syd If’]b‘r%"aa&: e‘éu‘iflcﬁreﬂ‘?‘i&y of
di fferences; e)q)f iaH?@’tir[gJ tiRings dutled ipliradity dof fiegerces tesppnsedoesadd
plurality of 10 fi 'tﬁ{f’%f differences; f) adjusting timng for each of a
plural Pty of fing&Fgs B¥F8ASe to 12 ones of said plurality of filtered
di fferences; 22d) Sabtmetihgdearh 6f ahid Pplufality hefr frequpneysiergorshérom egridf
filterighg 2 said_weight aver ' J [ i.d.timng for the
ol ur al 8 y of fin é%fl;lg'ﬂpeda gvera%e %(9&85{18%’ a&s‘i’uﬁqﬂty%tf cﬁﬂefe?lcgs, .

e) filtering said plurality of differences to produce a plurality of

10 filtered differences;
f) adjusting timing for each of a plurality of fingers in response to
12 ones of said plurality of filtered differences;

22. The method of Claim 21 further comprising the step of filtering
2 said weighted average prior to adjusting said timing for the plurality of
fingers.



