CARRI ER TRACKI NG FOR AM | N- BAND ON- CHANNEL RADI O
RECEI VERS FI ELD OF THE | NVENTI ON [ 0001] Thi s
invention relates to radi o broadcasting and, nore
particularly, to nmethods of and apparatus for
tracking carrier signals in a receiver for use with

an i n-band on-channel digital broadcasting system
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second aspect, there is provided a nethod for carrier

tracking in AMin-band on-channel radio receivers,

the nethod conprising the steps of: receiving an

i nput signal; generating a local oscillator signal in

response to an oscillator control signal; mxing the




[0005c] In a fourth aspect, there is provided a
nmet hod for carrier tracking in AMin- band
on-channel radio receivers, the .nethod conprising the
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[0011]FIG 5 is a functional block diagramof AM
carrier tracking frequency/phase- | ocked | oop.
[0012]FIG 6 is a functional block diagramof an
adaptive loop filter. [0013]FIG 7 is a |linear node
of a phase-locked | oop, useful in determning gain
values. [0014]FIG 8 is a schematic diagramthat
illustrates anal og resistor-capacitor (RC) tine
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[0005¢] Ina sixth aspect, there is provided an apparatus for carrier tr“acking in AM in-

band on-channel radio receivers, the apparatus comprising: an input for receiving an input
signal; a local OSbillator for generating a local oscillator signaﬁl in response to an oscillator
control signal; a mixer for mixing the input signal with a local oscillator signal to produce a
first signal; a filter for filtering the first signal to produ-ce a ﬁltered first signal at a
decimated'sample rate; a detector for detecting the phase error and frequency error of the
filtered first signal, Whefein the filtered first signal is normalized to mitigate effects of .

signal fades; an adaptive loop filter for producing the oscillator control signal in response to
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and a secondary partition 28, and the | ower sideband

is divided into a primary partition 30 and a

secondary partition 32. The digital signals are

transmtted in the primary and secondary partitions

on either side of the host analog signal, as well as

underneath the host analog signal in a tertiary

partition 34. The tertiary partition 34 can be
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| en@rugz}ﬁ?ﬂh@fﬁ{ %elﬁfy g ésﬁﬁia‘te@ray]%lﬁ@é iffdr@fve AER Bt@BGUeh pair of the
| ocati ons deS|gnated as 2 through 26 and -2 through

ﬁkmzésmnpb$ther side of the AMcarrier, are nodul ated

R ntatlv u carr4er I
eSS P 7 AP 2 o, R it n-channc
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-26 on either side of the central frequenc are

locplepssillaser signahdn responsy (o awwsalstre P@ntm% dgpak mixing the input signal
: r S
- with S ARkl O TP bR Pl PR RUE OBt bl o
t he anal og nodul at ed ANIS|gnaI The use of
conpl enent ary subcarrier pairs in an AM]BOC DAB
systemis shown in U S. Patent No. 5,859,876. The
synchroni zati on and control subcarriers 44 and 46 are
al so nodul ated as a conpl enentary pair. [0023]
The doubl e si deband (DSB) anal og AM si gnal occupi es
~the bandwidth in the 5 kHz regi on. The | ower and
upper tertiary partitions occupy sub-bands from about
0O to about -5 kHz and from about O to about +5 kHz
regi ons, respectively. These tertiary partitions are
negati ve conpl ex conjugates of each other and are
characterized as conplenentary. This conpl enentary
property mai ntains an orthogonal relationship between
the analog and digital tertiary signals such that
they can be separated in a receiver, while existing
conventional receivers can still receive the anal og
AM signal. The tertiary partitions nust be
conpl enmentary conbined to extract the digital signa
whi |l e canceling the anal og crosstal k. The secondary
partitions also have the conpl enentary property, so
they can be processed at thecreceiver either
i ndependently, or after conpl enentary conbi ni ng,
depending on interference conditions and audio
bandwi dt h. The primary partitions are transmtted
i ndependent | y. [0024] FIG 2 is a spectra



FIG 5 is a functional block diagramof AMcarrier
tracki ng frequency/ phased-| ocked | oop (FPLL). The
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andi@queﬂﬂ@mﬂaf%g%md@ﬁsl J8r006/ 043872 "Conpute first
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ut e’ olit put sarrp es W carrier mag = 1)".
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k
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to, conpute cmagl zol dfis and sgai n"np. The index
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F@Olﬂm eIy 9 aisf acientic 3@iafamihdeilfustrabs [gaivaRht @hgital time
Iter rate nDF. The decimation filter coefficients
congams-be conputed as follows: 23 LPF1x(k) LPF1(k). 44;
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DETAILED DESCRIPTION OF THE INVENTION
[0017]  This invention provides a method for carrier tracking for AM HD Radio™

receivers. It is intended to be suitable for all AM modes, including analog demodulation.



44 multfilt(nDF)= E mult(9 - nDF +k) LPF1(k) ; "apply
LPF1, decimate by 9". k=0 [ 0033] The phase
det ector esti mates the sanpl e phase error in radians,

ile the frequency detector estinmates the
‘\S‘??‘P@é?ls@e in radi ans between each pair of E ﬁ/%SZOﬁﬁiMSB?z
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B(%%,ﬁgg#ﬁ; TRl Aawonmﬁmaiﬂoetwkfaanbalomgczamrmmnm@uorw AM analog
i nar

g nponent di vi ded by |ts
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o RTS8 (ASHRUCHECHS SETRLE SRR gt
confagirég Zvngfrﬁ‘i ghanhel @ﬁtgmﬁndmdﬂy pf dwnt 30 kit [Thophagnel is divided

ase naqi s e

ot Sl BEErS ar B SO R AL R ke con
frec@Sndy®ah @S about 10 A % {de Qﬁd lmckliﬁﬁiﬁ:@a(e@ lﬂ%):luenc:ie,s-l}qlt[g Within about £5

max[.-1, anaghold fdet nDF
kHA efaihengéiér ﬁr i fS: qﬁglwlqapn el tTii)BIIlppq)S}C%band extex[ds %om about +5

kHz[ gaa% (?, %& uen out 15 I’l@lzcﬁﬂﬁl 8% c6@Bf BOQicBey. The lower
4 e ga| contr vari abl es synbohnag, cna
smmm erraghdioh abeitup dilzeibrathe ¢eates fieRwnCY 4 &b Iﬁnbogkﬁé from the
cenn ved fron1the decimated filter output groups of 30
?5 LY The vari abl e craghol d"s represents an

E@lﬁ ngmlgjéaﬁén@@ IaABrsqinlabﬁ[smaiynm:ie grﬂd)dm:genjg)é? dhg jmvention
=
spaéiatht Up xfn?até? ake 7tie sbﬁ:hhﬂig 0F chiteal dtetypericy Hagrhahd th'Eh@per and

automa ain_control e) action of s )
lowa edetnecice e LA PRIREREIOB: RSARTE TBeGro ghdate sgnals
(pr%égﬁ% 8?%%}13?; qg %SI}S{%J? ?%loﬁ?m s'élﬁc_a&ﬁér% | Wo%g%e 1? less than the
Sﬂbﬁmﬁeﬂpwﬂﬁﬂu@?mﬂrﬁtan@bmml% ernag n- - enag

* {(;026] f\¥ nf?o L NA%1G. 1 utBQ ﬁ}gﬁac—:g sidbband FAHRE Shio ﬂf)n_mary partition 26
and a sccondary parimon 28, and the lower sideband is divided into a primary partition 30
and a secondary partition 32. - The digital signals are transmitted in the primary and
- secondary partitions on either side of the host analog signal, as well as underneath the host
analog signal in a tertiary partition 34. The tertiary partition 34 can be considered to include
a phirality of groups of subcarriers labeled 36, 38, 40 and 42 in FIG. 1. Subcarriers within
the tertia:ry partition that are positioned near the center of the channel are referred to as nmer
subcsrriers and subcarticrs within the tertiary partition that are positioned farther from the
center of the channel are referred to as outer subcarriers. In this example, the power level of
the inner subcarriers in groups 38 and 40 is shown to decrease linearly with frequency
spacing from the ceﬁter frequency. The remaining groups of subcarriers 36 and 42 in the
tertiary sideband have substantially constant power levels. ]

[0021} FIG. 1 also shows two reference subcarriers 44 and 46, for system conirol,
that are positioned at the first subearrier positions immediately adjacent to the analog

- modulated carrier and have power levels which are fixed at a value that is different from the

other sidebands.
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00 carrier tracking of this invention
vsg(a%{)é?/lhs;@% %&06’%43872

&% hird order frequency/ phase- | ocked ?

( PRLL,)- e gain e.l.oop is.a ' i o
R
mafeetaty Sveudeheodnittd earrian gEhofynoipeniabtienarfdr amtrol subcarriers 44
initial frequency. acquisition through narrowband .
and, e gLk 4 BRGNS EFEE CTOCRT O Rrir P pf g trtiay
partibs, §oG AR RSk dhs W gibkeal RQ thioBGKk 2 ehdperthongianten either side
W t hout excessive overshoot. The frequency detect qr i
of the &M eetiey earel urodidpted HlisRPPbn RePTEIMERYY SERFHYT (hghons are
ettt ) Dl ARRS HABE Shbinsi ih PR, 1. a0BarribRiat lodhtions 2 through 26 and
acquisitron can acquire an Initial frequency offset )
-2 thpough -26 oh edistr sRIBAY thizcenfraDBE]uCae s exsrreferad ke pyteriiary subcarriers

o RST8] ATk RS  ABRGRl 845

in it 36 Sheasiralqpembailnted AV sigrmhniihe uby shnphpleianany subcarrier

270 sanpl es/ at a.s | e.rat:
paitp Bt R jgg)agz%)zsyﬁfm( &34%%1513%?(%§8$at%i1\‘1‘0. 5,859,876, The
syrRRhBhGs idiecon8BrsdlRimient £ Al 4650 ek aRbdiditeds 4 eogplementary
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;gbdﬁg 24Re 86515 ROMAN TDEBGnafoe AMNRidraPEuclipibd @€ bandwidth in the

aptively adjusts its gain in a manner that
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uni as shown i n C Q. Fhi N rdsSe@vENNCThAB terti
oot S B s PR 1 IO ol vl B AR totary
parfitieid lafeatpegdtiast campjek sionjugateand sichwothen clidn grewhkaracterized  as

sufficiently.phase-| ocked. The, adaptive | 00 59 PR o A RSN
coiferserivoq B FrHERTRR o oPHE IRERPS) 1y GUPRIFl gffbionsbip
betRBaSRc@hI0f aft AigitaBgiaitidgnaldivah iag fheywhh bl sgpansdiias: recelver,

an appropriate nmetric for cont_rojlingt|i1e I n. The terti
white eaislieg eqnycrivanl weeivar cph sl SEIF il g %3%5%%1_ g Lhe tertlary
P L6tk Us Wpl@%e%y ARk leRiradh Ehel tﬂ%’czﬁ SlchamdEeE canceling the

requency and phase "det ector val ues. The_out put on
andlomerogpdk.i The hevopfiars waititione alsathah hecamplemesiary prperty, so they
. Al ' [ r t o4 [ mhini
cany S et TR (i ihageaRaug o Ity SERPERLERY combining
depeading @xinepfordacasondjtios sl andio itahdwidth. t dhe pafmagy paitigions are
first _s&]nbotk 1ﬂut put val ue of cmaghol d, nF i s conputed.
transgiyae ineqpendegly-s 4 functional bl ock di agram of the

aqgeui4 ve rt@apisfa dpeeikal (ikpiad@ ofad hidaigitalgIBROXC sinal 50. The power of
I mpl enent ation).

the geafenl deguency gmcbﬁf ggq%\é%e§pig %gq?eag i%%}hl %%8&1?%%&1%{?25‘“ of FIG.

1. %f% od. #@ leé@ QUGS RS PhASR 1DQk S EBEGRL 1 iafd D asObthiibhase shift
%let a'DF. Thi's phase noise reduction technique also
keyproigutrssni tiotheinformation & qone vmyer sigepand A8 iDowyprise@pf carriers al
t.0 stabilj.ze t I - -t ; Biddrd ¥ 1ocati
ocba A Rk A% b o opHBERBISAL L ¥ o
-2 PEasins.siSidebartds s Snmids® Gemaeithad phytisions. hd@watdrenrsrPrand 64 of

output is reinserted into the lLoop,at, it af ter K
addfforh ealsBoogigh SR EHIES SPTBe ouHoat ALcHOpR! Sl S8 theough 27
res&ggﬁlﬂip @(%uplséﬁﬂid]?s lé%%&:@ﬂm@r}fﬁ?iﬂdﬂ) an@ @ml?l & fohes a tertiary partition.

addi tional | oo iltering effects resulti.n rom
Thephitiasel Gameort BLG-ohis veiy sTpeae)he hebr 529?%% gegphat the AM

gain paraneter g is conputed as a function of the
frequency and phase detector val ues. A phase error

bias is first estimated to détermine if the loop is

in acquisition node (large biasmag"DF) or tracking

(smal |l biasmag"DF). The conputed val ue of the phase

error placiair is adjusted by phi DF for stability

conpensation (as illustrated by summati on point 228),

and is used in the followng algorithmto conpute the




bias = 63 bias + fdet g + phdetphi ; "phase bias
estimate after filtering" 64 biastnag - 63 biasmg
+lbiasl ; "filter bias magnitude"” 64 1 g = mn 1, max

; "conpute 1/32 <= g <=1".
YRR 0bcr us2006/ 043872 - [00401 - ThECTESHNIIT
remaining loop filter pa
B IR A R N T T
%&g%ﬁeﬁﬂ/ ttneRen@ldatiubhdy Pind &ﬁul%lbsﬂ espréathatiid t‘t?@%me spectral

e signhals are used to conmpute the next value of
IO@tlh@tuab@iﬁ thevhjtetd @m ali-digralsfopmats.p gl dheistwehmytohere are two

Ophén‘pu far’ ﬁﬁ%%sme ?r%%ﬁ Off(‘l?l]l 0 mat eé Aty ﬁ%bmanon with the

0op out et a , sanple rate
ti k- "tnd ibhtiup=verdon. pﬁlfhebeﬂl -digltdli aystbm- hasr’m%n desigped to be constrained
val.ue

ng}“; g&%ﬁl{zq{l f. ph gl(e (‘éi;alpgaq%lémé%fl, ¥ { W ereh e mani% )%u&_g,,n,iformahon 18
trafibifitted dvidhin +5 kHAtof fi apfithe lebd iynpbﬁﬁmwmﬂﬁi infinftion Sntednismitted in
1:}165Jl \Qngnlgs of the channel mask out to £10 kHz at a lower power level. This format allows for
graceful dégradation of the signal while increasing coverage area. The all-digital system
carries a digital time diversity tﬁning and backup channel within the &5 kHz protected region
 (assuming the digital audio compression is capable of delivering both the main and andio
backup signal within the protected +5 kHz). The modulation clllaracteristicé. of the all-digital
system are based upon the AM IBOC hybrid system.

[0025] The all-digital IBOC signal includes a pair of primary partitions in the
+5 kHz region, a secondary partition in the -5 kHz to -10 kHz region, and a tertiary partitibn
in the +5 kHz to +10 kHz region. The all-digital signal has no aﬁalog component, and all
partitions are transmitted independently (that is, the partitions are not complementary).

[0026] FIG. 3 is a functional block diagram of an IBOC recetver 84 constructed in
accordance with this invention. The IBOC signal is received on antenna 86. A bandpass
preselect filter 88 passes the frequency band of intefest, including the desired signal at
frequency f,, but rejects the image signal at £-2f (for a low side lobe injection local
oscillator). Low noise amplifier 90 amplifies the signal. The amplified signal is mixed in
mixer 92 with a local oscillator signal fi, supplied on line 94 by a tunable local oscillator 96.
This creates sum (f;+fi,) and difference (fc-fi) signals on line 98. Intermediate frequency
filter 100 passes the intermediate frequency signal fir and attenuates frequencies outside of
the bandwidth of the modulated signal of interest. An analog-to-digital converter 102
operates using a clock signal f; to produce digital sampleé on line 104 at a rate f;. Digital
down converter 106 frequency shiﬁé, filters and decimates the signal to produce lower
sarnple rate in-phase and quadrature signals on lines 108 and 110. A digital signal procaésor

-based demodulator 112 then provides additional signal processing to produce an oufput
signal on line 114 for ontput device 116.
[0027] The receiver in FIG. 3 includes a modem constructed in accordance with this

invention. FIG. 4 is a functional block diagram of an AM HD Radio™ modem 130 showing
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ilrer” 6'16 32 .6. "Conpute dtheta fro
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par anet ers, rt| cul ar | or oop ilter,

usedcbrytfnmnoss alblstratbgr naoﬂiel]déwk@-r mw@ th%mmtwrdrﬁz dPﬁﬁOéulates the
g]i%lglal] S gmvec{brg ?rodlme ﬁ'? {él‘+3b(?0§lléflﬁ %\‘;}Hl‘l?dj G¥ctbd oHMink $54.

SeC ues
[W FilGe ofuikzea ﬂSﬁpfronéss@d Hei lﬁ:eqcllennpcthjmemi sampp] vectors in

o R B DS S Sl o 155 o

chagiAdl st AfRhSich 8n ad 150, FORest mglaanﬁbyjﬁ:b&sseﬂomemeduce branch
we wll start with derived vaI ues, of a.and b

melgies &pideaierieavel Y Jelrrigeyi 6% adanannes ok Ap R0 &o produce

soft E@clsruﬁrc' Hied bﬂ an€|-1168p ex Fatcpm HeBod 1110 thRQ2esea SitlsiBdecision bxts to
values. A brief summary of the PLL |'i near nodel ‘

prodwcel desoded podgransiatalodue) e ¥Pring to FIG 7, the
P I'[‘&ﬁgll de g’g&tl‘%e&lﬁ[&q relé’s%ctjwﬁ&gné R 24H Ikl cBbn 1”335!?10891’3 4 FIG. 4

a‘ gal a gain orf Kd=1 volt/
FIGrrm NCBnEohal Blodlesilagn&doﬁ AM eargeri wchhgrﬁﬂgusncy/phased-locked Ioop

c-volts. The two factors Ed
B, SRS it b2 s B et b e A8 Pl g Tine 162,35
mid (4 /d0 58 IGRECTFAUDZA0S! Oplt c2enal NC[OI),O(Aﬂ]]meTh% from a frequency and
cl osed-| oop.transfer functi on@ﬁl&;)s f. the |inear i
phaggydpskedpurpsticaPy (copizllep @sidater g Fypfice & signal mudt, on lme
1900%1{3%&?951@&31%1@&&&&@&@@1 fihe transfer function is |

best described using Lapl acethTr ansform t echni ques.
THRA30] s, Thit sybscipipy sijicaigs thew qa{ng)}e index at the input sample rate. The

output sigdc, on line 192 is obtained through multiplication of muls,, by a gain control
signal sgain,pr on line 194, in multlpher 196. The subscript nDF indicates the' sample index
after the Decimation Filter (declmate by 9).

[0031] The closed-loop processing starts Wlth the signal mult, and generates the
NCO, value for the next input sample of sig,. The NCO is comprised of a phase
accumulator 198 and a pfocessor 200 for computing a complex phasor ¢7”**. The NCO
input values of dtheta,pr (in radians, initialized to zero) are accumulated to produce theta,
on line 202. The FPLL output sigdc, is obtained after mixing the input signal to de, then
multiplying by a gain control value Sgain;, (corputed later in the loop, initialized to zgro),
which attempts to maintain the main camrier at unity magnitude. The process can be

summarized as:



where F(s) is the enbedded loop filter transfer
function. An ideal second-order |loop filter has a
transfer function F(s) = (s C1 Rl1+ Rl)

0 § %9 ventional analysis of the loop filtggy 20061043872
“[d)e%’ 3@ i nportant characteristics of the P m

te hHE e hrspsgrfa? Qﬁ{a%wi; ﬁsﬂ%mgﬂtdm«;%l stg I?xﬁﬁ t&,ﬁ{@mples dzgdc

cons at or
g aﬂwffa’ la»h=p greeate s Ibe dﬁ’efaﬁbp I} i | dedeta; tﬁﬁﬂ“é‘i‘ﬁs Oe“ar Wistikeraten”
INEONRIL SxbfS GllerieDu(@)) ; I deabuis espmgtaphder vElut" The
- reI "? onsh.l éﬁgﬁ en,trI]1 se t|$§t &*g}ndsc,;t,ants and their
. av 2 ysi ar ey Flfg’&zgtg ted®n FIGs. 8 and 9.
| t suggc(a)ss et htin H‘eorsanpb@pu@ampbs withest (seeigr menr 1)
in the loop filter is fsd, which is decimated by a

f ?6[13?] ofrthm RN, S ﬁmarém;dﬁfacm@émaé faciopuf 9 eletimuted sample
e rat

046] FIG. 8 h
ratwm@%ﬁwl@fh B~ 41008ty L&Ség‘lsth‘a%gﬂ ﬂ?@i Sg‘ﬁ}ﬁg%%%% ~tap) R filter

2Rl Fifter B HRits th8Bandwidth
LPY. ool Mtctds B RAHAPIEN SR lines 81 Tifer BN, its t8Gandw

of mmﬂmmm apreduiell St Hhis mduedsibe bt ofiptstforpee and permits
some %%bﬁg%lgﬁt e%ah%%%%si;ﬁeﬁ:%g 6P ) cintated-abe Hsifig %Qtezgnd'ex nDF,

e resulting transtfer function
msﬂ‘eaxt of dae TRE kigad nnalfiil tsanpueve i tftegnenay dkleips 308, alphasesdetector 210,

ende i b 5P TR 23 e PopbiEepipily (B gadiripbodnd oex s

impIRE ¢Ompes & £l Sehbobsate, whick is déblﬁl@f&d s d— fator of 3 ﬁ)m the first

Decimation Filter rate nDF. The decimation filter coefficients can be computed as follows:

" Compute and prestore coefficients of decimation filter LPF1"

1;ifk=22
~ 2.7
LPFIx() = m[ 5 *22 } s k=0.44k %22
2w -sin ?6 (k+3)
' 2 (k—22)
LPFI(k) = M s k =0...44 "normalize for unity dc gain"
ZLPFIx(kk)

k=0

. "Compute output of LPF1, decimate by 9"

multfiti(nDF) = imuh‘@ -nDF + k- LPF1(K) ; "apply LPF1, decimate by 9".
k=0
[0033] The phase detector estimates the sample phase error in radia.ﬁs, while the
frequency detector estimates the phase difference in radians between each pair of 1LPF1
decimated samples multfilt,pr. The phase or frequency sstimates on lines 214 and 216, of
the complex samples rely on small angles being approximated by the imaginarj component
divided by iis magnitude and passed to a lodp filter 218. The value cmaghold,s is used
instead of the instantaneons sample magnitude to allow the detectors to “flywheel” through
signal fades where the magnitude is typically small with large phase noise. The phase and

frequency detector estimates are computed at the decimated sample rate as follows:

-



s' +2 -C-co" s +co: where co" is the natural
frequency and 4- is the danping factor of the PLL,
and T2 - co "a - co" co " == .4 b fsd and C = 122 -
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par anetlg%{(lgjg#g% Al Iﬁ% tﬂmlffyéﬁlf{’@@ ui re quickly,

then t# e SemagkoldDF)i § used in the
second-order filt

A | ) RPNy
darrp actor a var i dsyni g o Fptsh

beco 'éé%j)“ &E é’m ne t hexgxpslgsoh for tm

danpi ng factor. e PLL natural frequency can be

comput ed as co"ﬁ@@fﬁﬁgSﬂ’fe@WBl&Xﬁmﬁ‘é%ﬁ%ec 77 g Hz .

32-3 The resulting danping factor is then a co0"3 *a

= [68B4D 2 The ;5 c3ntvil ‘[aﬁﬁﬁef} Jhwi Il egywimg, amﬂctmghobi gempdated at

slightly above critical in 7071
thersggqu]t 1@%&? andraze flerg@a Jrom flﬁeglﬁnp a%gg%‘f ?lﬁtp%ﬁ %our’?a ?30 samples. The
var@a“ﬁfé’ éﬁ&’é?lold,,} beptee@brh iaGath @Y hidgiitide of apievicusytnbokand is used in
hat th anping factor is |n ependent. of

thecrimt Kl ey SRRy NSl g i gl .ty docimated rate

(mH%:' ﬂﬁf‘g aftPudell G TLhE 't]:Qa' Dé{fﬁ%fftﬁé: Bﬁtﬁutf RénadlaTMhe dutonfitit @ain control
sed as the multiplying factor for gain_b._ The

(ags)qamm af satinipn tshisedienkeepribe DEITOTATGEt @ ApasHBds afcqng, The gain

cof A G it DS Relelf SEAERELD Conel St ent Iy and

converge quickly over a w de range of adaptlve gain

control. The1ad tlon of -the fr enc gtion on

t hevmbalniag = D o qErLél ?’Fa%equency

acqui si trlbon O‘Ef5°1] Per f or mance resul ts of a

si nyl ati t he \59;,] ORyAdSh@Mbol ftd®l Gs. 10-
ng G4189J§howssytl e ca culﬁz}{ed phase error. FIG 11

shovvs the car r[w er magnhtside estlgi‘te FIG 12 shows

t herizgkelderross| emaghold F6  cxgigdRows éatﬁ%l%ttm%“@tﬁl n
g. [0052] Previ ou exi thl g AM carri er ‘
trackl conmpl ex_and .i» M@ a R E RS rate”.
@&)@peﬁg i “0’“’"("?%% | 236 -amakyaes, '?%Ie%m ation T
perfor mance, and field testing of the present :
T I OlyL.N ! e NGGeOfant Bildptive third ord
: Hgg:&{]l onm‘rhl sg%é&ggra&m% %@ﬁ?@r Erfv‘\lllgitiﬂg]%var(laomjiic,1 cha;bnﬁzl ore
freqlmay/phaaaﬂdckahbbop (FRGE) . Thengadnl df thie denp 15 Réarftiva 4 such a manner as

to e 2 Seny Sondht FSing Yackdd SvBARE UhrE rar8!df Bribe from initial

frequency acquisition through narrowband tracking. ‘This feature ensures closed-loop

| stability while continuously maximizing tracking performance without excessive overshoot.
The frequency detector is effective during acquisition to quickly bring the FPLL within
phase acquisition range. Initial acquisition can acquire an initial frequency offset up fo at
loast2000Hz.

[0036]  Carrier trackin-g is implemented using an algorithm designed to operate
independently of symbol synchronization, as the operations are performed on a sample-by-
sample basis (270 samples/symbol) at a sample rate of approximately 46,512 Hz
(44100%135/128). This obviates the need for external synchronization (e.g., symbol _clock,
or FFT lock conditions, ete.). '
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[0053] The functions shown in the draw ngs can be
i npl enent ed using known circuit components, including
but -not- limted to, one or nore processors or

“?(Eg /‘g@él on specific integrated circuits. [ogéﬁbmb%/&wn

t|on has been descrlbed in terns of Seve

o O0Fa: DR e BB LB S G tndGRSp G Raptvely

2ARXRTR G WatddRMEr 8RAMihaRE of oy EhBLSCQREping facte around unity, as
Invention as set forth in the follow.ng clajns

shawaimlockl 2200 Tt e i wfumetiort olepptphase iy freARfoy etror, and acts
to k‘zﬁﬂ%s q’as? cht%i}ﬂfb%%d sﬁq} QaJ ﬂéﬁrsﬁfﬁcﬁé}ﬁy'ﬁﬁﬁqgcked The adaptive

e ste receiving an 1 hput signal;
loegaegm @)lm gerareki @e alﬁxmston lokf ﬁteantemaﬁm abtirnaied Blgse geer higs magnitude

an osci | |. ntrol si n XE N n
RS i ProsGRY b a2 e Pl op o hARb RS 29" Bbis and
angylga{a alf; ﬂa& :clddpeﬁlltdi} g)aidﬁlméﬂs ragd dmsdngsmll bellow. pr’]ihehu'uputa are the estimated
Iltere irst signa eci mat ed .sa .rate
- freguensyt ¥gPhase dsies Gk V@P’F?xr a‘é’i‘Fd"Fﬁ isy s Pyasg, inorement
dﬂiéz& S) 9 kS9nd NC8L Al gR@lioRQkEBértrRdd hpthmdédl@ale& mé (ﬁ@dxstzDF) All
gnal fades; using an adaptive |00 fllter

Vapaldeﬂme uifielizsd do Prar evceplobierifenar Hrimtialize rteslp%?f?g dhe frst symbol
ouip'ﬁ?v@!?é‘&ecﬁcfg?ﬁfd&%&céﬁ; ygncy error of the filtered

a gain control signal in-
r e[:ﬂpmse 16 tohis € finctemd Hooksdiagragnel the pdgptive loop filter (using a

'ﬂogil%gg l n% grg%hon f’]tAogL %ha&ysﬁ%%%ge{ﬁgﬁ% B}c{glg!:es a cancellation
si@ﬁl@ﬂﬂ,ipgf(oﬁ Hee gai) msabmtnedlhcesthgphﬂse ngisel prederttdn Hhei qutmait diheta,pr.
nearly, constant d in fact 2. .The hod. of .
THES B POISGRERERTR FREGUAAET FEo B, P SPTRLC Aifeor (on line 226
us@PRREARYI®ze the loop. In effect, the loop stability operates as if the noise reduction filter

were not present since the noise cancelled from the dtheta,pr output is reinserted into the

loop at a point after it has no significant effect on deheta,pr. This additional stabilization
(nearly) cancels the additional loop filtering effects resulting from dphi,pr cancellation. |
o [0039] The adaptive loop gain parameter g is computed as a function of the
frequency and phase detector values. A phase error bias is first estimated to determine if the
loop is in acquisition mode (large biasmag.pr) or tracking (small biasmag,pr). The
compuied value of the phase error ékdﬂf,,pp is adjusted by phri,,pp for stability ‘compensaﬁon
(as iltustrated by summation point 228), and is used in the following algorithm to compute

the adaptive value of g. -

"Compute adaptive loop gain parémeter z"
phdetphi(nDF) = phdet(nDF)— phi(nDF — 1) ; "stability compensation for dphi”
63-bigs + fdet - g+ phdetphi

bias = < ; "phase bias estimate after filtering”
63 - biasmag + |bias
biasmag = ! 64g I ] ; "filter bias magnitude"

g= min[l, ma};(z - biasmag, 51,:2_]} ; "compute1/32 <= g <=1".



third order frequency/phase-|ocked |oop. 3. The
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oscillater signal te produce firsty\signal;
,g;}zu 85t @,tnlﬁﬁ -él,f—%t r&gﬁai -+ m%l‘;(ﬁi } : dsdcohd eordet loop filter”
irst gqignal @6 d6de®? mat ed sanpl e
"Compute dtheta from loop filter, with +-1531 Hz limit, & phase noise cancellation dphi”

- [ g L "
 dtheta mmax(i,minfg,ﬁtm ﬁlf2+dpkiD . "yhase increment for NCO".
167 g |

[0041] The derivation of the loop parameters is described next. The stability,
damping factor and other performance parameters of the PLL are most convenienily
analyzed in steady state operation using an ideal lingar model approximation of the PLL.
The Ynear model allows conventional servo control theory analysis techniciues to determine
apprépriate design parameters, particularly for the loop filter, to control stability and
performance in operation. This model, shown in FIG. 7, describes frequency in units of
radianis/sec, and signal values in volts.

{0042} FIG. 7 is a simplified linear model of a PLL useful n determining gain -
values. A goal of the analysis is to determine the appropriate values for gain parameters a
and b. For this analysis, however, we will start with derived values of 4 and b determined in
a full analysis, and then characterize the resulting PLL performance with these assumed
valnes. A brief summary of the PLL linear model analysis follows.

| [0043] Referring to FIG. 7, the phase detecior 250, including an amph:ﬁer 252
having 2 gain Kd, is designed with a gain of Kd=1. volt/rad. The NCO 254 is designed for a
gain of Ko=fs rad/sec-volts. The two factors Kd and Ko can be conveniently expressed as

one parameter K=f5.
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rate; detecting the phase error and frequency error
of the filtered first signal normalized to mtigate
effects of signal fades; using an adaptive Ioop

vs;dio'b%asﬁs% produce the oscillator control sigp mbﬂ%&nmzmsn
pornise to the phase error and frequency error

23@4% ' b oSt R lR or R RR A F UL BB YA L o be

: useﬁLH) by B Getthendntcs shd stglisl he kdisfepdinctioond bt described using
ignal to produce an output signal, wherein the gain
Lﬂﬂ@ﬁﬂh@wﬁyngﬁﬁmﬂﬂ§sd@?ﬁﬁ%d as a function of an
estimated phase error bias nggnggude. 9.
A nmethod for carrier td#eks &P i n- band
on-channel radio receivers, °t hod conprising the

1*|§etree sf the e ﬁ%@ﬁd@dqg ﬁ térncpiﬁgfe? (0Adn. A8 RedaBkdchR-arder loop filter
Y oscr 1T at or in response to an oscillator

hae ambngdbr fsngiwal ; n1X|ng the input signal with a | ocal

oscillator signal to prod e f fir S|gnal;

filtering the first i Z; .a filtered

first signal at a deC|nat §hﬁﬂleR¥ te; det ecti ng

hase error and fr.e n e fs '

o2 ot A R 0 Rl o
the BAES) tefss JTTind cordansizl @nd o pTﬁﬂ:sb Itlﬁfe doustpmts: daficrgo lpmpertles of an

oscillator control signal jinr &@f
integrplop ausaeiry SQIERFDARL OBF AP 5 i ?deY"gH G used in an
1de§i %Qllld-order PLL. The relationships between these time constants and their digjtal
equivalenfs are illustrated in FIGs. 8 and 9. It is assumed that the sample rate of the
integfaior in the loop filter is f5d, which is decimated by a factor of 9 relative to the FPLL
signal input/output sample rate fs. ‘

[0046]  FIG. 8 is a schematic diagram that illustrates analog RC time constants. In
FIG. 8, the time constants are:
wl=RI-C,and v2=R2-C.
[0047] FIG. 9 is a schematic diagram that illustrates equlvalent digital time

constants. In FIG. 9, the time constants are:

1 o a
————, and 72 = .
b- fsd b- f5d
[0048] The resulting transfer function for the PLL can now be rewritten as

K-F) _ K-(s-u2+1)/d

s+K-F(s) s +s-(K-12/cl)+K /Tl

Tl =

H(s)=

Furthermore the transfer function can be described in servo terminology as

2o, -s+w]

B = s72- C o, st

- where o, is the natural frequency and ¢ is the damping factor of the PLL and

K 120, _ e,
wn:\/;i—"#K.b.f:gd andC— 2 Z-b.f.lsd‘

d1-



wherein the input signal conprises a plurality of
sanpl es; and wherein the step of detecting the phase
error and frequency error of the filtered first

S|%ﬁ2§%&%tinates a sanpl e phase error, and eféhﬂﬁﬁﬁﬁﬂﬁﬁz

i fference angl e between each pair

fil h %93 egf shgr%aﬁfslgf ar. .t he rgﬁgﬂona%eéfoéxga%ce &fothe f"J?L suggests a

de@RAT Pt dTBE G /bzy &ﬂneb#wmznar Thé:0 RARE Nire ekhmedea:t byfmation of a
magni t ude va 11. The nethod of claim,. Ei tﬁ
@Qf;%‘bgt ke \eginy garémeﬁﬁ & éhat rallgivs e alajjlll d¢ ead:qllnaq, qulc y, then track

smt%gﬁng Tl sqﬁﬁ%%l? ?Siﬂléeﬁrln tHelsecbhd B 1BOGkid: 9F ofRF fd @hintain a constant

band on-channel radi o receivers,
datﬂbmgrﬁatthnah gamt sThig relpiéonship shodfl bepase Pigfnjhgmwe examine the

P RROHE I QG 1 ARoP Tk ARy Rkl PhiPbe ridta
i nput signal wi ale - ¢SC|IIator S|g
produce a f®r StV.E7 §nBF,= 5513 erﬁﬁg>Fﬂ@ ?Ztggﬁgnal to
produce a filtered first S|gnal at a deci mated sanpl e
Thetesylliniedpingfgetohis thdvase error and frequency error
of the filtered first S|gnal nggnallzed to mtigate

effects of signal fgdeer&SL adiapt.i ve | oop
filter to produce the ddtifff atdrvkontrol signal in

SRR o, b B M SR L o7, i
results in fast acquisition times with minimal overshoot. Itis partmularly tmportant to notice
that the damping factor is independent of the controlled loop gain value g. This is 2 tesult of
ﬁsing g as the multiplying factor for -géin a, while gz is used as the muitiplying factor for
gamn b. The squére toot in the denoﬁﬁna‘tor of the damping factor expression allows the
variable g to cancel. This feature allows the PLL to operate consistently and converge
quickly over a wide range of adaptive gain control. The addition of the frequency detection
on the PLL is effective only during initial frequency acquisition. -

[0051]  Performance results of a simulation of the invention are shown in FIGs. 10—
13. FIG. 10 shows the calculated phase owor. FIG. 11 shows the carrier magnitude
estimate. FI1G. 12 _sﬁows the frequency error. FIG. 13 shows the adaptive gam g.

[0052]  Previously existing AM carrier ﬁécking algorithms afe complex and involve
various modes of operation. Initial analyses, simulation performance, and field testing of the
present invention indicate that the performarice of this invention is as good or better with
various channe] impairments and outages. In addition, the final design can be adjusted by
the ;iararneter settings if needed.

[0053] The functions shown in the drawings can be implemented using known
circuit components, including but not limited to, one‘or more processors or application
specific 'integrated circuits. -

[0054]  While the invention has been described in terms of several examples, it will
be apparent to those skilled in the art that varions changes can be made to the described
examples without departing from the scope of the invention as set forth in the following

claims.
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produces a cancell ation signal to reduce phase noi se
in the local oscillator signal due to a proportiona
conmponent of a proportional plus integral output of
the loop filter; and generating a | oop stabilization
signal to conpensate for a reduction in | oop
.stability due to the cancellation signal. 13. An
apparatus for carrier tracking in AM i n-band
on-channel radi o receivers, the apparatus conpri sing:
an input for receiving an input signal; a local

- oscillator for generating a |ocal oscillator signa

Claiing response to an oscillator control signal; a m xer

for mxjng the inpyt_.signal with a.l o osci k| at qr .
signal to pr%d‘ﬂ?&&'og for  carmie; gﬁ%hn?gi g 1&?){ eli'[lﬁ}ag? on-qchannel radio
rece{vlﬂ:lls,tﬁé_hﬁgloﬁE&g%ﬁéiﬁ%&!s%@bﬁt 0 produce a filtered

I'r'st 'signal ] eci mated sanple rate; a detector
. for detreestivingan wup$igkad; error and frequency error of

- the filter f] ' i : . _ -
si gnal 538‘*%%?%%??%%%& ?lgﬁ)rknSl | ggxtE gésg?r%sgg% iﬂ %S;Cﬁ%ﬁjé ﬁgt?tfﬁglgn.a’
f ades; mixingatiapipusignelowith alltat ofciliatgr dghat improtitrs a first signal;

oscillatqr contral signal,Ln response to the ase .
g ighelerl GOk oRpavd Bt DERTA 1 G oaieq PP R
- signal;getecting the phase error and frequency error of the filtered first signal

normalized to mitigate effects of signal fades;
using an adaptive loop filter to produce the oscillator control signal in response

- to the phase error and frequéncy error of the filtered first signal;
computing a gain control signal in response to the filtered first signal; and

multiplying the first signal by the gain control signal to produce an output

signal, wherein the square of the gain control signal is used to maintain a nearly constant

damping factor.
2. The method of claim 1, wherein the adaptive loop filter is an adaptive

third order ﬁequencyfphase—locked loop.
3. The method of claim 1, wherein the adaptive loop filter maintains a .

nearly constant damping factor over a range of operation from initial frequency acquisition

through narrowband tracking.

4. The method of claim 1, wherein the input signal comprises a plurality
of samples, and the Steps of claim I are performed on a sample-by-sample basis.

5. The method of claim 1, wherein the first filtered signal has a bandwidth

limited to approximately +2 kHz.
6. The method of claim 1, wherein an adaptive loop gain parameter is

compﬁted as a function of the detected phase error and frequency error.

7. The method of claim 1, wherein the loop filter produces a cancellation
signal to reduce phase noise in the local oscillator signal due to a proportional component of a

proportional plus integral output of the loop filter.
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a processor for conputing a gain control signal in
response to the filtered first signal; and a second

m xer for multiplying the first-signal by the gain

control signal to produce an output signal, wherein

the square of the gain control signal is used to

mai'ntain the nearly constant danping factor. 14. The
apparatus of claim 13, wherein the adaptive | oop

filter is an adaptive third order

frequency/ phase-1 ocked | oop. 15. The apparatus of

claim 13, wherein the adaptive loop filter maintains .
a near| §. conAt methodafipi ngritadtaskingvier AMeindand ren-channel radio
range of operati.on frqg1initial frequency acquisition

receVRRSo G MShAdCOMBENIEIIATRASPE 16, The apparatus of |
cl ai m 13ce\AghR ifpuk Bignalnput signal conprises a
plurality of “sanples 17. The apparatus of claim13, .
wher ei ngensesting p decak pegriigtonsenabinfSRORTe it 7 ?%Cﬂﬁ{oé goitgp! signal;
appr oxi mat. o ith Lk & First signal;
mhereingﬁﬂgé%%g?%#%?%%Qgg%??géagggﬁgﬁﬁgggﬁﬁggdphase =
noi se i filiérg thefiadt sizmel tol prodice 9iftiomtl fasisignal ai a decimated sample
: proportional conponent of a proportional plus
ratei nt egral output of the loop filter. 19. The apparatus

of cl ai Rd3ing ST StiaBe tdhdr | BAPfitiueb@r eganef ahedilrddofipt signal
normalized to mitigate effects of signal fades; :
using an adaptive loop filter to produce the oscillator-control signal in response
to the phase error and frequency error of the filtered first signal;
~ computing a gain control signal in response to the filtered first signal; and
multiplszing the first signal by the gain control signal to préduce an output
signal, wherein the gain control signal is deﬁved as a function of an estimated phase error bias
magnitude. |
| 0. A method for carrier tracking in AM in-band on-channel ;adi,o
receivers, the method comprisihg the steps of: | '
receiving an input signal;
generating a local oscillator signal in response to an oscillator control signal;
mixing the input signal with a local oscillator signal to produce a first signal;
filtering the first signal to produce a filtered first signal at a decimated sample
rate;
detecting the phase error and frequency error of the filtered first signal
normalized to mitigate effects of signal fades; |
- using an adaptive loop filter to produce the oscillator control signal in response
to the phase error and frequency error of the filtered first signal;
wherein the input signal comprises a plurality of samples; and
whérein the step of detecting the phase error and frequency error of the filtered

first signal estimates a sample phase error, and estimates a phase difference angle between

| each pair of the filtered samples for the frequency error.
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stabilization signal to conpensate for filtering
effects of the loop filter on loop stability and to
reduce additional loop filtering effects resulting
~fromthe phase noise. 20. An apparatus for carrier
tracking in AMin-band on-channel- radi o receivers,
‘the apparatus conprising: an input for receiving an
‘input signal; a local oscillator for generating a

| ocal oscillator signal in response to an oscillator
control signal; a mixer for mxing the input signal
with a local oscillator signal to produce a first

si gnal ;10. a frht hesthddoof dlaiht &rwhegein lwmali iangles gtegaparoxigated by the

. -produce a fi|tered first. signal at a decimted sanple

Imagfwonﬁ’oagitge’l“fﬁdel?yoar magyge THC ne phase error and
frequengy eng@im&hod BE chirh t9evdrdin &SdonpugdaValuerbpleise error is
the filtered first signal is normalized to nmtigate

adjustddf forstability coinperatiptdes; an adaptive loop filter for

produciing the oseid | @t foarr%qnﬁécgéingsﬁlgnﬂvf | iR-baR6 RANGRMmel radio
to the ‘phase error and frequency error. of the

receibérh, tiey Rethbd cciprésigmntht steps pft ocessor for conputing a
gai n control sL%naI.in.response to the filtered first
si gnal ;Feogfypg an input signal;

generating a local oscillator sigllal in response to an oscillator control signal;
mixing the input signal with a local oscillator signal to produce a first signal;
filtering the first signal to produce a filtered first signal at a decimated sample

rate; ‘ _ .
detecting the phase error and frequency error of the filtered first signal

normalized to mitigate effects of signal fades;

using an adaptive loop filter to produce the oscillator control signal in response
to the phase error and frequency error of the filtered first signal, wherein the loop filter
produces a cancellation signal to reduce phase noise in the local oscillator signal due to a
proportional component of a proportional plus integral output of the loop filter; and

generating a loop stabilization signal to compensate for a reduction in loop

stability due to the cancellation signal.
13, ‘An \apparams for carrier tracking in AM in-band on-channel radio
receivers, the apparatus comprising:
' an input for receiving an input signal;
a local oscillator for generating a local oscillator signal in response to an

oscillator control signal;
a mixer for mixing the input signal with a local oscillator signal to produce a

first signal;
a filter for filtering the first signal to produce a filtered first signal at a

- decimated sample rate;
a detector for detecting the phase error and frequency error of the filtered first

signal, wherein the filtered first signal is normalized to mitigate effects of signal fades;
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a second mxer for multiplying the first signal by
the gain control signal to produce an output signal,
wherein the gain control signal is derived as a
function of an estimated phase error bias magnitude.
21. An apparatus for carrier tracking in AVl in-band
- on-channel radio receivers, the apparatus conprising:
an input for receiving an input signal; a |oca
oscillator for generating a |ocal oscillator signa
in response to an oscillator control signal; a m xer
for n1X|ng the input signal with a | ocal OSC|IIator
“si gnal aolieep fltti fos prcsluglngithe aciflatbt eontfobsignal in response to

filtering the first si oduce a filtered
mﬁHWW%@ﬂgﬁgﬁﬁﬁﬂﬁﬁcbﬂﬁﬁéﬁﬁﬁﬁé ﬁﬁ gt a detector

for det fe £ caiieb] fsirgﬂﬂlil@ R&yporse t@thedilitered first

the fil ghk%g]%rsf S gnq%EMMereln the filtered first

signslt gmial i s nornallzed to mtigate effects of signa

fades; an adapt.ive.l o f
oscill af a?coggﬁ?lgisli fo§ ﬁtxﬁl&ln ei.rrhee: ng%nsggfggftjgf'tﬂﬁgg%ﬁ‘%ontrol signal to

prod%é & oxﬁpﬁ sfgnelwaesn B squaredf thieaihicouterl st is gsed to maintain the
ign wherein the input signal conprises a
nmnbummﬁ@m&%ummng 8ftpl-es; and wherein the phase error

esti nat gp a PATRhGARNIASE @ikON3ARderbReEr @peRCioop fiter is an
error o

adaptive third order frequency/phase-locked loop. -
15.  The apparatus of claim 13, wherein the adaptive loop filter maintains a

nearly constant damping factor over the entire range of operation. from initial frequency

acquisition through narrowband tracking.

16.  The apparatus of claim 13, wherein the input signal comprises a

plurality of samples.
17.  The apparatus of claim 13, wherein the first signal has a bandwidth

Jimited to approximately +2 kHz.
18. The apparatus of claim 13, wherein the oscillator control signal reduces

phase noise in the local oscillator signal due to a proportional component of a proportional

plus integral output of the loop filter.
19.  The apparatus of claim 13, wherein the loop filter generates a loop

stabilization signal to compensate for filtering effects of the loop filter on Joop stability and to
reduce additional loop filtering effects resulting from the phase noise.

20. An apparatus for carrier tracking in AM in-band on-channel radio
receivers, the apparatus comprising: '

an input for receiving an input signal;

a local oscillator for generating a local oscillator signal in response to an -

oscillator control signal;
a mixer for mixing the input signal with a local oscillator signal to produce a

first signal;
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estimates a phase difference angle between each pair
of the filtered sanpl es.

a filter for filtering the first signal to produce a filtered first signal at a
decimated sample rate; '
a detector for detectmg the phase error and frequency error of the filtered first
signal, wherein the filtered first signal is normalized to mitigate effects of signal fades;
" an adaptive loop filter for proriucing the oscillator"'oontrol signal in response o
the phase error and frequency error of the filtered first signal;
a processor for computing a gain control signal in response to the filtered first
signal; and )
' a second mixer for multiplying the first signal by the gain control signs] to

produce an output signal, wherein the gain control signal is derived as a function of an

estimated phase error bias magnitude.

21.  An apparatus for carrier tracking in AM in-band on-channel radio
receivers, the apparatus comprising:

an input for receiving an input signal;

a local oscillator for generating a local oscillator signal in response to an

oscillator control signal;
a mixer for mlxmg the input signal w1th a local oso1llator signal to produce a

first signal;
a filter for filtering the first signal to produce a filtered first signal at a

decimated sample rate;

a detector for detecting the phase error and frequency error of the filtered first
signal, wherein the filtered first signal is normalized to mitigate effects of signal fades;

an adaptive loop filter for producing the oscillator control signal in response to
the phase error and frequency error of the filtered first signal, wherein the input signal
" comptises a plurality of samples; and
wherein the phase-error estimates a sample phase error and the frequency error .

 estimates a phase difference angle between each pair of the filtered samples.
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