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1

ROBUST BURST DETECTION AND
AC()UISITION SYSTEM AND Ml llIOD

Accordingly, a aced exists for robust burst detection usulg
only minimum number of preiunble synlbols.

('OSS-Rl:I'1)RIIN('ll 'I'0 Rill.AI'I:.D
APPLICATIONS

This application claims pnority to U.S. Provisional Patent
Application No. 60/296,450, filed on Jun. g. 2001. entitled
"ROBUST BURST DETECTION ACQIJISITION SYS-
TEM AND METHOD," to U S. Provisional Patent Applica-
uon No. 60.296,465, tiled on Jun. g, 2001, cnlitlcxl
*'Rl:('I IIVI ig I IAV

IN (i

IN I'I i(iRA1'I'.D SPI')C1 RA I,
ANAI.YSIS ('APABII 11'Y." and is related to U.S. patent
application Ser. No 10/164,355, filed on Jun. 7. 2002. entitled
"RECEIVER HAVIN(i INTEGRATED SPECTRAL
ANALYSIS CAPABILITY*'nd U.S. patent application Ser.
No. 09/430,821, filed on Ocl. 29. 1999, cnt«lcd *'BURST
RECEIVER SYSTEM", all ofwluch are uicorporaled herein
by reference.

BACKGROUND OF THE INVENTION

I liield of the Invention
lite present invent ion relates to a bura 1 demodulator fiir use

in a high speed bidirectional digital transinission of voice,
video. and ihlta. and more particuhsrly. to a robust I'DMA
burst receiver and a method for reliably detecting a preamble.

2 Related Art
Modeln hvo-way coiuiluulication for cable televisioii,

hybrid fiber/coax systems, wireless local multipoint distribu-
tion systems. and microv ave multipoint distribution systems
use limcdiiisioumultipleaccess(TDMA) lorarry shortburst
transmissions In an upslrcam direction (rclum path) from
multiple subscubers lo a hcadend rcccivcr. FICL I slxiws an
exmuple of a I'DMA time slot In general the retnml path
transmission chanscteri sties. power level, and the clock otfset
from each subscriber v ill be different, thereby requiring the
headend receiver to re-syncluonize to each of the TDIvLsL

bursts. In order to minimize overhead time, it is desirable that
the TDIVLA burst rccnvcr be capable ol'reliably recognizing
and synchronizing thc preamble In as shou a tune as possible.

I ixi st i in 'I'DMA burst receivers recogitire and svncllronize
to a 'I l)MA hurst by correlating a preamble received at the
bCgllllllng Of thC biu'st to Bil IfltCI'ilal repreBL'Iltatlilil Of thC

preamble stored in the TDlVLA burst receiver. A complication
in the recognition and synchro ni Bast i on of the preamble is tint
a high poiscr level of thc TDIvLA burst trmisnussion may
cmise lhc TDMA reccivcr to mistake a sulelobe peak of the
autocorrclation of thc prcamblc for thc main peak.

A further coiuplication is that nlessage data from the sub-
scriber may have the same or nearly the seine symbol pattern
as the preamble. Yet a further complication is that narrolv band
noise or in~cess may partially mask or emulate the TDIvLsL

burst transmission or be so large that its correlation to the
prcmnblc is as great us thc main peak. A trad«ional solution to
these complexities Is Io use a long preamble scq uence of a li w
hundred symbols or more Iiowever. such a long preamble
sequence increases the time overhead of a system and Is
uneconomical for a system having data messages of less than
a few tiulusand symbols.

Robust burst detection of high-order constellation modu-
lauon formats (c.g., 266-QAI) I), ui presence of large carncr
frequency offset, large dynamic range. mid severe cliaruicl
impairments such as narrow-band intcrfi:rcrs, poses scnous
challen es A typical burst receiver may only deal with a
subset of these issues.

SUMMARY OF THE INVENTION

Thc present invcnuon Is directed to u robust burst detection
and acquisition method and system in a burst comnlunication
system that substantially obviates one or nlore of the pmb-
lems and disadvantages of the reLated art.

Ic One advantage of the present invention is being able to
uuhzc relatively sho«preamble scqucnces for burst param-
eter cslllui«lon.

Auolier iulvantagc of Ihc present uivnl lion Is bcuig able lo
use higher order QAM modulation schenles

Additional features and advantages ofthe invention will be
set forth in the description which follows„and in part will be
apparent from the description. or may be learned by practice
of llm invcnuon. The objcclivcs and otlmr advantages of thc
invention will bc renhznl and auaincd by the structure par-

lo ticularly pouilcd oul in Ihc wntlni dcscnption and clmms
hereof as well as the appended drawings

'I'o achieve these and other advantages and m accordance
v ith the purpose of the present invention, as embodied and
broadly described. there is provided a method of parameter
estimation in a shared chaiulel conmiurucauom system com-
posing thc steps ol'eccivulg a preamble compuwng lira(,
second and tiurd scqunlccs corresponding Io scqucnccs hav-
ing zero autocorrelatioll. perfornlulg a coarse carrier fre-
quency estimate based on the first sequence, and performing

ic a fine carrier frequency estimate based on the second and third
sequences.

In another aspect of Ihc present ulvcnuon there Is provided
a nlclhod of rangulg In a sharnl channel couuuunicalions
system comprising thc steps ol'rcccivulg a rangulg prcamblc

ls comprising a first near/ CA/A('equence followed by sec-
ond and third sequences ivhose derivatives correspond to
CAZAC sequence~, performing a coarse camer frequency
estimate based on the first sequence„and perfomlin a fine
carncr frixpicncy ca«matc based on Ihc second and third

so scqncnccs.
Ill Bllothcl aspect ol lhc prcscnl lnvci«ton thoro ls plovldLx!

a nlethod of tracking data in a shared channel conmiunica-
tions system comprising the steps of receiving a nlnging
preamble. perfomling a coarse carrier frequency estimate

Bs based on the ranging preanible. performing a fine carrier
frequency estimate based on the ranging preamble. estimat-
ing gain based on Ihc fine camcr lbcqunlcy catunatc. rcceiv-
iug a burst ulcl uduig a burst prcamb1c aud dale, and correct ulg
the gain based on tracking the data

o In another aspect of the present invention there is provided
a method ol'rcceivuig ihta ui a shared channel communica-
tions system including the sup s ofrecco ing a burst uicludulg
a preamble mid data, pcrfonmng a earner frcqucncy cstimatc
and a gam estinlate based on the preamble, tracking the burst

1 vithanequalizer,adjustingtheaainestinlatebasedonatleast
a main tap coefficient of the equalizer„v herein the equalizer
uses at least a portion of the data to derive the main tap
coeliicicnl, and extracting symbols I'rom thc dale.

In another aspect of the present ulvention there is provided
ic a system for ranging a receiver in a shared communications

channel comprisin a filter that receives a signal from the
shared comnuuucations channel. the signal including a ran-
iug preamble that has a lirst scqucncc whoso deuvauvc is a
zero mitocorrclauon scxlucncc, and second and third

ss scqunlces corresponding Io a truncated iirst scqucncc. and
outputs Nyquist samples. a preamble processor/ranging sub-
system that receives the Nyquist samples front the filter, pnl-

17
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I ides a coarse ca&vier frcqucncy cstundlc based On lhc lira&

sequence. and rennes the coarse carrier frequency estimate
based on the second and third sequences to pnlvide a tine
carrier frequency estimate. and a tracking subsystenl that
extracts data from the signal based on the fine carrier fre-
quency estimate from the preamble processor/ranging sys-
0:In.

In another aspect of thc present &nvcnlion &herc is provided
a systenl for parameter estimation in a slmred channel conl-
nnmications system conlprising means fbr receiving a pre-
amble comprising a first sequence corresponding to a
sequence having zem autocorrelation. and second and third
sequences corresponding to a tnincated first sequence, means
for pcrfonning a coarse camcr frequency cslimalc based on
lhC frsl Scqiiclu:L, a&xi mcdl&S IOI pL'Iionnlllg &I fil&C Ca&riel
frequency estimate based on the second and third sequences.

It is to be understood that both the tilreaoing general
description and the following detailed description are exenl-
plary and explanatory and are intended to provide further
explanation of the invention as claimed.

l3RII!I'IIS('RIPI'ION Ol'ill i DRAWIN(iS

The accompanying dmw ings. which are included to pro-
1 ldC ii iiil lhCI U&UIC&slalullilg 01 li&C lllvCI&1&011 Blld &IIC ll&COI-

poralcd in and constitute a part of Ibis spccif&cafion, illustrate
cmbodimcnts of thc ulvcnl ion and togelhcr v, &lh Ihe dcscmp-
tion serve 01 explain the principles of the invention. In the

din\slugs 

'I(i.1 illustrates a typical TDMA time slot:
FI(i. 2 is a block diagram of an exemplary cable-based

Coln&UU&lliuilliil&S S)'SIC&&i,

FIG. 3 &s a diagram illu stranng the head cnd arclutcmturc a&

d cable modem tenn&nation sys&cm /CMTS);
11(i 4 further illustrates the rehstionship benveen compo-

nents at a head end of a cable modern termination systenl
/CMTS) of FICi. 2:

FIG. 5 illustrates a burst as a function of time:
FIG. 6 is a block &hagram illustratulg a burst recallcr ofOne

Clllbodllllcllt 01 lhC p&CSC&ll ll&i'Clll&LI&1,

FIG. 7 &s a genera I& Bed block &hagmm &1 1u stra tulg rocc)&l ion

of a signal including ingress noise;
Fl(i g is a genenllized block diagram illustnlting reception

of a sip&BI and its filtering,
FI(i. 9 illustrates an embodiment ofthe present invention in

block diagram form:
FIG. 10 show s a structure oi'he preamble correl at or o fOnc

mnbodimcnt oi'hc present ulvenl&on,
11(i 11 illustrates a direct correlation vector using a

( A/A('equence;
FIG. 12 illustrates a dlfi'erential correlation vector using a

CAZAC sequence„
FIG. 13 illustmstes a correlation vector iilr a preamble with

four CAZAC-type scqucnces, imd
11(i 14 illustnltes a look up table for gain correction used

in an embodiment of the present invention.

DETAILED DESCRIPT]ON OF THE INVENTION

upstream commu&ucalion. onc needs a burst rccmvcr wluch
can detect packets from different subscribers It will be appre-
ciated that the invention is also applicable to other moduhltion
schemes, such as Fl)MA. ( 1)MA or S('DMA, although the
description that folio&vs is primarily done in terms of TDMS&.

Typical themis) noise. ds wc)i as other factors rcsuli in
detector and synlbol processor imperfections If the only
inaccuracies present in the system ivere due to thermal noise,
the signal-to-noise ratio of such a system would be approxi-

10 mately 30dBvvhichwouldallolv theuseof256-QAMmodu-
Iation. However. practical systetns normally operate at much
lower order QAM, for cxdmplc 16-QAM, due to an inab&1«y
to accurately cslimalc thc relevant parameters. Thc param-
eters of primary interest are carrier frequency. carrier phase,
gain, mid symbnl tinting I aking a real 16-QAM system as an
example, carrier phase nlay be approximately 20 M 1 iz ('ar-
rierphaseerrorof5de reeswouldbenoticeable for16-QAM
modulation. '/I dB to 'B gain error is noticeable for
16-QAM. as would 5 -I Ogn error of a symbol timing wuldow.

20 With regard lo symbol rale, for 5.12 mega-symbols pcr sec-
ond, a In/ ermr rate corresponds to 50 Kl lz. I'hus, if carrier
frequency is nff by 50 Kl lz„ the receiver will begin to have
pmblems distinguishin the symbols 'I hus. any mechanism
that allows fora more precise estnnatlon ofparameters allows
fora systemthatperformsnuichclosertothetheoretieel limit,
dilow lllg ill tiinl Bll &1&Cled sc &11 dald ran: lrdlls&11&SS1011.

Auto correlation is a measure ofthe ran don&ness ofa signal
A CAZAC (constant amplitude zero autocorrelation)
sequence has a frequency spectrum comprised of constant-

10 amplitude components that extends over the entire bandwidth
Of lhC II&ll&sln&SS&oll Chdlu&CI. A large bOil)'f 1&ICI&IIUIL'S

generally available on thc subl ix & ofCAZAC sixpicnces. For
background. the reader is generally referred to, for example,
11 S. Pat. No 4 Ogq 061. as well as to standard texts on digital

ls cmnnlunications and signal processing Below is a brief sum-
mary of CAZAC sequence properties and derivation.

CAZAC scxlucnccs nuiy be derived from bulary pscudo-
mlndom sequences exhibiting a property Pl.

ja,} v, ill designate a binary pseudo-random sequence of
40 period or length L: {a,}=jar}=ann&as... ar 0 where the

CIC&UCI&IS BI SIC equal &0 I. TBC ili&IOCO&rcldl&011 lnairlx 01 lh&S

scqiicllce Iw

dn di hi
di dn I&-n

di —
I

v here A is the g" coefficient of the periodic autocorrelation
fiulclnul.

L I

,s, = g d inu
,-n

Reibrence w ill now bc made ul deniil 10 thc cmbod&mcnls
of the present invention. examples of which are illustrated in
the accompanying drawings

llus uwmltion rclatcs to a conumuucalion sys&cm where
many users arc shared In onc cmboduncnl, it relates to a time
division multiple access /TDMA) conmlunicalion system. In
a '11)MA system such as a DOCSI) fl)ata-Over-Cable Ser-
vice Interface Specifications) based cable network in the

filr g=0, I,... (L— I).
All sequences ja,j such that AD I BlldAS I fol'g I,

(I,— I) are said to have the property Pl I he binary pseudo-
random sequences that are known as maxinuim length binary
pseudo-random sequences exhibit pmperty P1.

Ss linr example, fnr I, 15. one obtains the sequence

UDDIDD&ID&01111

18



()S 7,403,57{{ B2
i

Replacing each 0 by — I! onc obiauls a sequence which
exhibits property Pl

— I — I — 11 — I — 111 — 11 — 11111

Another family of pcnodic binary pseudo-random
scqumlccs exhibiting property PI composes all sequences
whose elenients are determined by the quadratic and non-
quadratic residues ofprime munbers ofthe 4K — I fi)on I'hese
sequences lmve a length L detined as L=4K-I where L ls a
prime nunlber and K a positive integer. For example. for to
L=l I, Ihc I'ollowulg scqumlcc Is obtmned:

Another family of CAZAC sequences, as defined above, is
comprised of sequences (u,) of length I K'efined as
u, WCL where

13, I', 1., (K— I)
i K{3+I 0. I,..., (I,— I), and pi W ts a pnmitive K"'oot

of unity. e.g.. W=exp (2x/K)
The sequence can be obtained by using the elements in the

successive rows of the matrix (Wtw).

For example, for K=4. L=16. and W=cxp (tx/2), thc matrix
(War) is wnltcn

I I -I I I ! -I -I -I I -I t3)

The I:AZAC sequences may be obtained by adding an
imaginary constant j(x to each of the elements a! Of the
scqumlces which have llm properly Pl. Tins constant ls
definmi as

I I I I

I I — I — /
I — I I — I

I — I — I

I

VL

The following sequence is obtained:
2C

11111i — 111 — 11 — 11 — 11 —
i

— ii

For example. in the case of sequence (2) of length L=I 5,
(I= 0.2582. If a value of(x= 0.2582 is selected. sequence (2),
bccolncs.

— I+(! 238 I
— I+(! 238 I

— I+(! 238 ( +I+a 2382/
— I+u 21 82/. — I+O 21 821. +I+a 23 8-1.
+I+( 182/. — I+a 182/. +I+a Ss'31.
— I+u 2182/. +I+a 2182/. +I+a 238-1.
+ I+a t12/. + I+a t12/

(j,/— I ).

The sequence thus obtained will be designated (u,) here-
after. Thc aulocorrelalion matrix of these sequences Is:

It should be noted that the elements of this sequence have
a const mt amplitude equal to I and can have four different
pl)sacs.

Another family oi'AZAC scqucnces ! s composed of all
scqumlces (u,l of length L=odd ullegcr. dclincd as

o, 8"

where i 0,, (I — I). and W is a primitive I "'oot of unity
ltor example. with I, 3 and Vr'xp 42x/3), the folloiving

sequence is obtained:

Uo I, le
U! U,!

U lr, lr„

8!— !

Ur

Ux

Ur =go,o',

where U„ ts Ihc g'ocflicieul of thc periodic milocorrcla lion
fUOCIU111

33
Another famiiy of CAZAC sequences comprises the

sequences (Ux) of length L =ms + I detined as u,=ar (modulo
m) W""', whcrc

lae,( is a CAZAC sequence of length m
O=O, I,..., (m— I)
{3=0. I,..., (M— I) M=m
1=0, I,..., (n-I ) n=m
I=M(3+ 6 and
W is a primitive M" root of unity
I'he sequence can be obtained by using the various ele-

ments m the successive mlvs ofthe MxN matrix defined as (aa
(modulo m)) W"'. For example„ for m=2 and k=1, one hats

L=2r=8, m=2 =4. O=2'=2, and W=expfx/2=j.
If (a„,)=1. j is selected as a CAZAC sequence of length

m=2, the following scqucnce results.
Ior g=0. 1...., (L— I), aud u, +ge is the complex cont ugalc of
u!

All 8! qu! aces (Uti 11 IV! Ih! Iollowulg property P2.

Uo O:otd U — 0 fora=i,, lx-ll

Subsequently, it will further be assumed that Uo I which
can be obtained conventionally by dividing each element of
sequence {u,) by a suitable factor.

If the transmitted training sequences (ui) have the follov - (c
in property P3

Lro 1 eod 0,—0 fore—I..(L— I!

SUch d 8cqU ence, w hlcll

hdtv

an a U locolrclatloll filnc! 1011 il1 I

thc cocliiclmlts ofwhich cxccpt the Iirsl! Uo! arc acro and all ss
of elements are conlplex munbers having a constant ampli-
tude. is also a ('A/A('equence

I 1)-1 I -111

A CAZAC scqucnce (Ut)=(U(~ ) oi'length L=4 m may
bc used wluch rs derivrxi Ibom lwo CAZAC sequences la, (
and {b, ) of length m 'I'he sequence (ui~„,) is obtained by
putting

uxr ax(modulo m)

u.re n =b„(modulo m) W

fork=0,1,.... (2m— I), where W ls u prunlflvc (2 m)u root
of Ulillv.

ltor example, fmm the ('A/A('equences of length m 4,
(a,)={b,)=1 I I — I, the foilov ing CAZAC sequence
(u,)=(u«) of length L=16 results:

I,l.l.e'(4.1,!.— l.—e '.1 — I ! es (4,
1.-1, — I,-e "4
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A 4-phase CAZAC sequence ic„f of lengdi 16 symbols
can be determined by

cjt,j /(I,,' l,l a.l. 'I, I 01.,'I(z) (1.1.1,1.1.
j, — 1.—j, l.— I l.— I I —j.— i,j)

A QPSK sequence corresponding to the above sequence is

I+I I+I. I+I I+I I+I I+I I — I. I —
I I —

1. I+I. — I —
I

I+I, — I —
I I+I I —

I
II — I+I

I'or notational purposes, if Co Ct Ci refers to a ('A/AC
sequettce (Ci9):Ogks[1+j. I+j. — I — j. I+j. I+j. -I+j. I+j. I-J,
I+j. — I —j. -I —j. -I —j. I+j. I — j. I+j, — I+j) (a 1(i symbol
CAZAC sequence), the sequence (d,jf=d,, ds... d,s Will
rel'cr lo a scqucncc such Ihal a discrete lime derivative of
(di f:ICI I} I I ICr f IS 9 dCOVBllvt Lil (dt f 'w'hCI'I lhC hlSI
symbol da I+j Is added to the sequence to enable the differ-
entiation tn result in a 16 symbol sequence (i e., d,j dt):

If,iw» *IIVI I+i lrj — I-j — I-j, — 1-1 I —I I —i
— I —I, — I —I, I+j, — I —I, I+j, I+I I —I, I —I I+I/

corresponding 1(i symbol differential sequence 711

(dt9)=0.5.'[I+j. I+j. — I -j. -I -j, — I — j, I —j. I -j. — I -j. -I -j,
I+j, -I — j. I+j. I+j. I-j, 1-1, I+jj is a IG symbol near (d,71
dnd CAZAC sequence (I.c., with thc symbol d„of 1017 f
dclelixi) ul other words, although id,r) are nol, strictly
speakinc. ('AZA(1 their properties are such that the receiver
can detect it as If It ivere ('A/AC (d,s) may also be referred
to as a tnincated (d») sequence (in this case. truncated by
one symbol).

Note also Ihat ic I I f rcprcscnts Ihe changes in id, I } . Con-
versely, again ianonng the distinction between discrete and
contiminus fiulctions (ci 9) d(dt )/dn (n being the tinle vari-
able). %Vien d, is unchanged in two successive symbols ct ls
I+j. When d, is Inverted (180 degree change from one symbol
to the next). c, is -I-I. When d, rotates 90 degrees in one
thlccntin, ci Is I — i. When ilt lolalcs 90 dcglccs ul lhc other li
dirccuon, c, is — I+i. This meam llml ic, &,1 is Ihe dilfercnlial
decoding of (d,l) decoding id») oives a CA/AC. ('nn-
versely, (d17) Is the differential encodingof (c»)~ncodittg
a CAZAC gives a near-CAZAC. Note further that n CAZAC
is a special case of a zem autocorrelntion sequence. Since the dc
signals are digital. the tenn "derivative" or "di(ferenfiatton**
ht I 0 IS U st: il lii I'CfCr 10 dl SCIL IC OpCI d lion, idthiz lhlul Clinlhlu-
ous. Sunilarly. Id,rf rcprcscnls an integral ol a discrete func-
tion (sequence) represented by (( tr)

FI(fi 2 is a block diagram of an exemplary cable based d-

conlnuulications system 100 according to the present inven-
uon. lite conununicdtions system 100 ulcludcs a master hca-
dcnd 102. hubs 104a-b, nodes 106a-d, dnd a plurahty of
subscribers 108 1 he subscribers 108 exchange bidirectional
communications traffic with a master headend 102 tluough
various optical and electrical media. For instance. conmluni-
cations trafhc is passed between the master headend 102 and
the hub(s) 104 tluough optical media, while conuminications
trallic is passed between thc nodes 106 dnd die subscnbcrs
108 tluough electrical media. 111esc opucal and electrical
niedia are described below.

Fiber optic backbone segments 120a-c provide nn inter-
conncmlton betwccn thc master hcadcnd 102 mid thc hubs
104. As slxiwn in FIG. 2, thc backbone se mmlts 120u-c each
have exmnplary distances ol'twmlty miles or less. However, jc
distances greater than nventy miles are within the scope of the
pl'C9ellt hlVCntloll

lite nodes 106 each provide an inierfdcc between optical
conuuUnlcallon9 BILxhtl Bnd clcclncdl conuniuucatlons
media. As shown ut Flfi. 2 thc liber opuc lules 122 cslabhsh si
connectinns behveen the hubs 104 and the nodes 106 Iiit'xmnple,Ihe fiber optic line 122d connects the Inib 1046 and

thc node 106d. Also, Ihc nodes 106 arc each coupled Io onc or
more coaxial cables 124. The coaxial cables 124, in conjunc-
tion with coaxial cables 126. exchange electrical signals ivith
the subscribers 106. For example, the coaxial cable 124U and
the coaxial cable 126d connects the node 1064 v ith the sub-
scnbers 108e and 108f.

Trafiic in the conununtcattons system 100 includes
upstream trallic mid don Its(leam treflie. Downstream Iraliic
is received by the subscribers 1 08 from systeni elements, such
as the master headend 102. In contmlst, upstream traffic is
originated by the subscribers 108 and directed to system
elements. such as the master headend 102

For the coaxial cables 124, the upstream and dnwnstream
traflie arc each alloca(LVI lo 9 particular frequency band. For
example, upstream Irafiic may bc allocated to a 6-42 MHz
frequency band. while dolvnstream traffic nlay be allocated to
a 54-860 Ml lz frequency band One nr more frequency chan-
nels exist ivithin these frequency bands that pmvide tiir the
trmlsmission of signals. These signals are modulated accord-
in to a di ital modulation scheme„such as quadrature ampli-
tude modulation (QAM) or quadrature plmse shil't keyulg
(QPSK).

Multiple subscribers 108 share the electncal and optical
cmnnlunications media of the comtllunicatiotls systenl 100
I jor instance, in the context of the coaxial cables 124 and 126,
the subscribers 108 transmit signals across the same Ibe-

quency channel in the sante coaxial cable 124. To accommo-
date such frcqucncy chtuulcl shanng, Ihc communications
system 100 employs 9 multiple access Iccluliquc. such as
'I'DMA for upstremn traffic

'I'DMA is a transmission scheme that allows a number of
subscribers l(18 to transniit infnrmation across a single fre-
quency channei lvithout interference. This is enabled by allo-
cating unique time slots to each subscriber 108. Accordillg to
TDiVLA. thc subscnbers 108 scud upstrcnm transmissions
dcross 11 chtuulcl dUnng Onc 01 nlolc hule ~ lorn lhal occUI
within a TDMA liame. Various types oftnne slots exist. Tluee
examples are reservation slots, contention slots. and mainte-
nance shits.

The present invention provides a receiver having on-board
spectral analysis capabilities that may be synchronized to one
ol nlolc ptlrnculal Up9(rerun lrdn9nu9910us. Accoldulglv, lhc
rccctvcr may be includLVI in (hc communications system 100
clemcnts, such as the nodes 106. thc hubs 104 and/or thc
master headend 102 I'he receiver may be Implemented on a
clup

Embodiments of the present mvention employ techniques
that digt(BIIy compute spectral information corresponding to
onc or more transnussions. For example, thc prcscnt ulven-
tion may employ Fast F0uricr Transforms (FFT). Iilter banks,
such as qutulraturc mirror lillcr bunks and wavelcl tiller
banks, and any other spectral analysts techniques that are
apparent to persnns skilled in Ihe relevant art

An embodiment of the present invention fiirther provides
an on-chip spectral analysis capability that is tmlditionnlly
pcrfomlcd by general-purpose processors, rather titan by
rccctvcrs such as TDMA burst rcccivers. This on-clup capa-
bility advantageously provides for(bc pcrlbmtancc of soplus-
ticated spectmm management functions in a practical and
cconnnucBI nuulflcl'ol'nxtancL. flic pl'Lscllt Ulvcntlofl clhni-
nates the need for external spectrum computation equipment.
Furthemlore. the present invention does not require special
soflwarc lo bc wnllcn io compute Ihc spectrum

This spectral analysis may uldicdlc thc spectral shape of
transmitted signals, ulcluding whether they meet mly speci-
fie trmlstnit spectml mask(s). In addition. this analysis
reveals the presence of interfering signals, the background
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noise floor (including its Icvcl and shape), and the presence of
partial spectral mills in the upstream transmission signals.
Such au)is indicate reflections (echoes) in the upstream path.

When operating in a 'll)MA environment, this spectral
analysis (e g.. performing an FFT) may be synchronized to
one or more TDMA slots. This permits the analysis of the
spectrum of a suigle user transmission, anrVor a class of user
transmissions (e.g . for each type of TDlvLA slut). As a result,
this spectnun analysis yields channel quality infiinnation that
cmi be used to etficiently manage the usage of 'I'DMA, ia
IiDMA, and TDMA/11)MA systems

This channel quality information may include spectral
measurenients arran ed in a plurality of bins that each corre-
sponil to a respective frequency rim c. These buts are each
computed from thc stone block of usnsnussion signal
samples 'I'lnis, the present invention eliminates the afore-
mentioned confusion generated by swept spectnun analyzers,
since no siveeping occurs

One embodiment of the present invention provides an on-
clip FFT computation capability integrated into a headend ic
burst rccmver chip. FIG. 3 further illus(ra)ca the configuration
ol'the master head end 102 ol'onc cmbodimcnt of the present
invention. As illustrated in li)(i. 3. analog inputs 220 are
received by a hurst receiver 202 'I'he hurst receiver 202 coni-
nnmicates with a MA('ontmfler 206

The MAC controller 206 communicates over the Ethernet
234 with a Routing/Classification Engine 233, which in turn
is conncxted to a Wide Arcs Network 244 (WAN). The MAC
controller 206 utilizes upstream SDRAM 236 for keys in
reassembly, and fiirther utilizes upstream SDRAM 235 for io
PI IS output queues

')lie MA('ontm lier 206 is connected to a PG I bus 249, and
through the PCI bus 249 to a System CPU 246 and a System
Meniory 247 Tire MAC controller 206 is further connected to
a downstream SDRAM 248. Data flows fluou h thc down- is
stream modulator 231, and is then output as downstremn
aruilog uansnussion 232.

FIG 4 is a block diagram illustrating the spectrum nian-
agement architecture of the present invention 'I'his architec-
nire includes the upstream burst receiver 202. a spec)nun sc
management/allocation module 204. the upstream media
acct:ss controller (MAC) 206. mid a management mfiimiation
base (MIB) 208.

llic upstream burst rccmver 202 receives an upstrcmn
transmission 22U front a shared coinmunications ntwiuuu
210. ivhich may be one of several types of coinmunications
media. for example. a coaxial cable. a fiber optic transmission
medium„a satellite comnnmication system. or a wireless
mcdnun tluit conveys wireless radio Irequencv (RF) signals

lite upstream transmission 220 is a burst transmission o

(also rei'crred to herein as a packet) that is trmisnuttcd by a
user, such as the subscriber 108 (see FI(i 2). 'I'he upstreani
burst receiver 202 acquires the timing of packet 220 and
decodes it according to an error correction coding scheme
(e, Reed Solomon), and obtains the payload (i.e., user data) i.
from each packet 220 An exmnplc of a packet wavcform is
illusuatcil in FIG. 5.

llic upstream burst rix mvcr 202 passes some of the recov-
ered information to the MA('ontroller 206 I'or example,
sonic burst transmissions from users are requests for band- io
width allocation The lvkssC controller 206 receives such
requests and. in response, allocates upstream conununica-
tions capacity to satwfy such rcqucsts. In adilition, the
upstream burst rcceivcr 202 transfers traflic pcribnnancc sta-
nstics to the MAC controllcr 206. Examples of these statistics ss
include packet error rates (PIIR) and signal to noise (SNR)
I'sties

Thc spixtrum maiuigmnent/allocation module 204
receives information fmm the upstream hurst receiver 202,
the MA(.'ontroller Z06 and the M I)3 2()8

Iirom this information. the spectnun nianagement/afloca-
tion module 204 generates upstream channel frequency
assigiunents, ivhich are sent to the upstream burst receiver
202 Thcsc assigiuncnts instruct thc upstream burst receiver
202 to operate witlnn certain portions of tlm upstream RF
spectnim In addition, the spectnun management/allocation
nxidule 2U4 generates an upstremn channel allocation mes-
sage that is sent to the subscribers IU8 I'his message directs
the subscribers 108 to operate ivithin certain portions of the
RF spectrum.

Thc spixtrum maiuigmnent/allocation module 204
rcccivcs a channel quahty message 226 Iyom thc I(LAC con-
troller 206. 'I'his message includes information such as packet
emir rates (PER), and packet SNR.

'I'he spectmni nimiaaement,'allocation module 204
receives an FFT message 222 from the upstream burst
receiver 202. In addition, the spectrum management/alloca-
tion module 204 rcceivcs a channel SNR (channel noise
power) message 224 from thc upstream burst receiver 202.

I'he spectrum mana ement,'allocation module 204
receives a spectrum availability niessage 230 from the MI13

208 'I he spectnini mana en)en('allocation module 204 pni-
cesses these received messages and„ in response, generates a
spectnun ailocation plan. The spectrum allocation plan des-
ignates which poruons of the spectrum are used by wluch
subscnbcr to transfi:r uiformation across thc shared commu-
nications medium 2)U In addition, this plan specifies the
characteristics of individual signals transmitted across these
spectral portions Iior exaniple, the plan niay specify transmit
pov ers. data rates, and spacing betv, een frequency chmuiels
in an FD)/LX environment.

As further shown ui FIG. 6, the mnboduncnt uicludes an
ad vane i d dual-chaiuicl cable netw ark receiver w luch accepts
upstream burst data m a frcqucncy-a ulc, time-division mul-
tiple access (I DMA) scheme (only one channel is shown in
the figure for clarity) I'he architecture of the burst receiver
202 in an embodiment includes an FFT processor 250. The
burst receiver ZUZ further includes an analog front end (AFE)
251 (including a multiplcxer), which forwards thc received
data into a digital complex mixer 252 IP. Thc burst rcceivcr
202 can dccodc signal fornuits from BPSK up to 256-QAIvi.

'I'he analog front-end (Alii l) 251. a QAM demodulator 257
and an Iil IG (forward error correction) decoder 263 are inte-
gmted for each channel. The AFE 251 performs A-to-D con-
version on either an IF input, an RF input. or baseband I/Q
inputs. A multiplcxuig logic maybe also included to sliarc the
same ADC output bctw cen two rcccivc clrsiuicls or to receive
digital samples from an cxtenrsl ADC. Thc multiplexuig
logic can receive external AIZC outputs at much higher sam-
pling rates to perform direct Rli sampling 'I'he multiplexing
logic allows the receiving nvo frequency channel~ from the
same cable netv,ork, or process inputs from two sepamste
cable networks.

A digital quadrature i)own-mixer 252 trmislatcs an input
spectral center to true DC. lite nuxcr 252 is used to move thc
quantize Il'amples to tnie D(L for exaniple. ususo quadra-
ture carriers generated from a pmgrammable direct digital
frequency synthesizer (DDFS) 273. The digital down-mixer
252 then translates the desired channel dov n to DC.

Thc I and Q samples pass tin ough diximators 253, 254 and
square-root raised co suic Ii) ters 255, 256 with an excess bmid-
wulth o=0.25. Thc over-siunpled I and Q signals from the
digital down-mixer 252 pass through dual decimators 233,
254 that are proo ranimed based on the expected symbol rate
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Thc dccimatcxl sumplcs pass through dual square-root
Nyquist filters 255, 256 w&th an excess bandwidth o. 0.25 to
match the pulse-shaping filters on tmsnsmitter side

I'ast burst detect&on and acquisition are perti&rmed on the
preamble with progranm&able length and pattern. The fast
acquisition for carrier plmse and symbol timi»g is performed
on prcamblc symbols Each rccmvcd TDIOLA burst contau&s a
PHY overhead wh&ch u&cludcs a prcamblc usmg QPSK-i&he
signaling. no matter &vhat is the actual &nodulation ti&rniat fi&r

the paylnad. Since the fi&ur-fold ambiguity of the carrier
phase can be resolved by matching the preamble pattern,
there is no need for diiTerential coding which degrades the
e(Tective FEC performance. Depending on the payload
modulation formut, lhe burst rcccivcr 202 may acquire burst
synchro&uzal&ou on a shor& prcmnble, even il lhc burst-lo-
burst power variation is over 20 dl3. An optinn of processing
a I IPSK preamble &s also prefembly provided

An adaptive equalizer 258 characterizes the Ri& channel
response and removes inter-symbol interference (ISI) caused
by micro-refiections. An equalizer is needed at l»gh symbol
rates. espcc&ally lbr high modulation lcvcl (beyond QPSK), to
nnl&gate chan&u:I unpa&rmcnts duc io nucro-rcfiect&ons. The
embodiment implements a 24-tap complex linear (feed-fi&r-
ward) equalizer l)uring init&alization, the equalizer 258
adapts to each subscriber channel and sends its coetTicients to
the MAC controller 206. The MAC controller 206 sends the
information bacl to the individual subscriber 108 via the
downstream path 232 to program thc tmnsnu&ler's prc-uiual-
izcr. This suhmnc avo&ds thc need I'or long premnblcs for
future incoming bursts from the same subscriber 108. and
improves the overall effic&ency of bandwidth usage.

An ingress-cancelling processor 258 suppresses narrov-
band noise and/or adjacent-channel interference (ACI). The
Fo&ward Eno&r Correction (FEC) decoder 263 performs
deu&tcrlca& ing, dcscrmnbl&ng and RS decodmg w&th Ihcx&ble

parmnclers. The rccovcrcd data stream &s dclivcrcii and burst
recco cr 202 control u&puts arc accepted tluough a MAC/PHY
receive interface 265 linked to a MA('ontroller 206 1 he
embodiment can interface with the MAC cnntrnller 206 v ith
serial bit transfer. and also supports an advanced MAC/PHY
interface for higher data rates. An on-chip FFT processor can
analyze an RF spectrum with a schmtable bm&dw&dth and
lcuglh.

11&c ingress canccll&ng logic analyzes Ihc no&sc environ-
ment of the des&red upstream channel. 'I he ingress cancelling
logic (hen suppresses narrow-band ingress and/nr adjacent-
channel interference appearmg in the desired upsueam chmt-
nel to maximize the usage of the entire upstream band

11&e upstream transmiucr (user) 108 scmmblcs lhc data
stream lo ensure adequate symbol Iransiuons lor symbol lim-
ing recovery &n the burst rcccivcr 202. A dcscr&m&blur 272
recovers (he raw data stream and is reinitialized on each burst.
'I'he enerator polymial and initial seed are both prognsni-
mable up to 23 bits.

The upstream transmitter 108 performs data interleaving
w ilhm each burst u& a byte format. The mterleavu&g lype &s

block u&tcrleaviug w&th vanablc block s&zc m&d u&lcrlcaving
depth dcpcnding on thc burst type. Thus, lhe demterleaver
262 suppor(s real-time changes on the interleaving hlnck s&ze

and dep(h In a dynamic n&ode. the deinterleaving block s&ze

can be adjusted v ithin one burst to avoid leaving a small
fraction filr the last interleaving blocl .

11&e Reed-Solomon dccodcr 264 is over GF(256) a&xl &s

progranunablc to correct errors from I (o 16 bytes w &thu& an
FEC data block (or codcword). The generator polynomial &s

also programmable The last l1&('odeword can be either
fixed-length or shortened

Thc FEC decoder 263 can bc conligured lo have thc
descrambier located either before the de&nterleaver 262 or
after the RS decoder 272

Thc dale fiom the demodulator 257 and thc equahzcr 258
is utih red by a ranging block 259 &n order to allow fi&r differ-
ent distances (ranges) (o the transmitter 1he wide-spread
distance from head-end to each subscriber in a cable network
introduces relatively large receive timin and pov er uncer-
tainties for the receiver, which must be compensated for by
a&cans of d I&ulgulg pluries during in&infant&on. A special
rangu&g scqucnce v &lh a long preamble in n rang&ng umc slot
is preferably reserved, as described below 'I'he ranging block
259 estm&ates the receive (imi ng, and amplitude of the ranging,
sequence and passes the measurements to the iVLAC controller
206 The MAC controller 206 assembles the &nfom&ation and
sends it back to the individual subscriber 108 via the down-
stream pa(h 232 (scc FIG. 6). Thc subscnber 108 can then
ad(us& ils own Imnsnnl unnng and power lcvcl. Any large
frequency offset in a transmitter is also measured and can be

lo corrected during the ran in process
A prcamblc processor 260 amilyzes lhc prcamblc u& each

burst 1'he data fron& the premnble processor 260 is also uti-
lized by the ranging block 259

Tracku&g loops 261 also uul&ze the dnla lkom prctm&blc
pmcessor 260. I'he opemtion of the digital tracking loops ti&r

carrier phase and symbol (iming, follows the Initial preamble
process. The tracking loops 261 further utilize the adaptive
equalization and i»gress cancellat&on module 258. Data is
then forwarded to a I'orw ard error correct&on &nt cr face module

The forward error correction 263 interface uses inputs from
the descramblcr 272 and thc RS decoder 264. Output lkom Ihc
fi&&ward error corrccuon micrface 263 is used by thc dcinier-
leaver 26Z and the MA(TPIIY interface 265 for Receive
('hannel A Z79

Additinnal detail of this embod&ment, particularly as it
relates to the FFT aspect. nlay be found in commonly
assi ned U.S. patent application Ser. No. 10/1(i4,355, filed on

, Jan 7, 2002. entitled "RECEIVER HAVINCi INTECiRATED
SPECTRAL ANALYSIS CAPABILITY", which is uicorpo-
ralcd hcrcin by rcfi:rm&ce.

(ienerally, &vhen channel imps&rments such as nam&w-
band interfere ra are present in the clmnnel. a pre-filter. such as
an adaptive nntch filter may be present to cancel the interfer-
ers. as shown schematically in FICi. 7. However. the notch
filter will create inter-symbol interference (ISI) to the rest of
the burst demodulator. Th&s ihstorts the rccc&vcd s&gnal pal-
tcm aud thus aiTecis Ihc lidcl&ly of llm correlation vector. In
order to avo&d llus clfccl, the pruunblc &s prcfcmbly also
pre-distorted by convolving (he preen&ble with the coefli-
c&ents nf the nntch tilter

Crenerally. the eiTects of inter-symbol interference on the
statistics relating to transmission channel errors are relatively
minor. provided the delay spread of the channel is substan-
t&ally shor(cr than a duration of one symbol. For lughcr sym-
bol ra&ca, thc systems error rale pcrfonnancc usually dclcrio-
mates sigiuficantly

('onsider the situation sho&vn in ill(i 8. In I'l(i 8, a trans-
(a nutter at the user end transmits packets w&th a cer(ain pre-

amble. The transmission passes tluough a square root raised
cosine filter 1005. prior to being transmitted over the channel
210 Add&t&ve wlutc no&sc normally &s present u& thc system.
At thc race&ver cnd. a square root ra&scd cos&ne liltcr 1006 &s

ss used, bc(i&rcbe&ng fcsI into a prcamblc matched iiltcr 520. The
preen&ble matched tilter 520 perfnnns a correlation function
of the received preen&ble and a local repl&ca of the preamble
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Thc rccot crcd s&gnal should bc the cxac& prcmnble tlmt was
transmitted from the user end

Iu prttct&cal sy's&cu&s, howe&'cm lrdnsnuss&on svsIcn&s frc-
quen&ly suffer lrom narrow band noise, somctimcs rclerrcd10
an ingress As shown m the bottom disgram of IIKi 8. the
transmitter transmits a preamble which first passes through
the square root ra&sed cos&ne filter 1005, before heing tmns-
mitted down the channel 210. At the receive end. the square
root raised cosine filter 520 is followed by a notch filter 515.

The signal then passes on to the preamble matched filter '"
(PMF) 520, v,hich performs a correlation benveen the
rcmch cd prcamblc and a local rephca ol Ihe prcamblc. How-
cvcr. the local rcp1& ca o I'hc preamble nectls Io bc prcd& storted
by appropna&c notch tilter coefiicients, i.c..

I
Sc prew&talc — Prcvaslco (Botch pi&ter oc&ptctc&ttt&

Note that the preamble preferably should be scaled (nor-
malized). to insure proper operation ofthe correlation meeha-
n&snl.

One embodiment of a burst receiver architecture adapted to
robust burst detect&on as d&scussed above is shown schemati-
cally in FICi 9. It Includes a Start of Packe&(SOP) de&ection,
imhal paranu:tcr cstunation, and linc hming usm Iracku&g
loops and mult&-pass processu&g on Ihe preamble portion.
Preamble correlation of a known sequence, such as a 16-synt-
bol ( A/A('equence, is used as the basis of parameter esti-
mation.

11Ci 9 shotvs the overall system block diagram of a robust
burst receiver l)roadly speaking, the relevant portions of the
burst receiver 202 may be thought of as includi&tg carrier &tl

frequency mixer 252. a filter 300. a preamble processor/
rang&ng subsystem 302, and a tracku&g subsys&cm 355.

Note Ilrdt Ihc lilter 300 &0 FIG. 9 corresponds Io Ihe venable
dcmnnators 353 and 354 m&d thc matched Iiltcrs 255, 256 of

&s
l&ICi. 6 1 he preamble processor/msnging subsystem 302 col-
lectively corresponds to the Preamble Processor l)lock 260
and the Ran in Block 259 of FIC). 6.

As shown in FIC). 9, the filter 300 receives a signal from the
analog front end 251 and the mixer 252. Typically. the biter tm
300 funct&ons as a Nyqu& ~I-type tiller, wluch Outputs Iiltcred
smnples to a prctunble correlator 305, m&d a second mixer
335 'I he preamble correlator 305 correlates the preen&ble in
the received burst w&th a locally stored replica ofthe preen&hie
and outputs a correlation vector (('V)

The correlation vector of the received signai with the
known sequence is sensitive to carrier frequency offset. To
preserve a unique peak of the correlation vector (CV) in the
prcscncc ol B IBrgc lrcq&tone)'iisc&r Lhc d&lie&canal ctarcla-
hon Icchtuquc ulav I&iso bc utiiizcsi to uxl&cate thc SOP fiag
during msngtng 'I he differential correlation refers to the cor-
relation of the differentially detected signals. 'I'he current
signai is multiplied by the complex conjugate of the previous
signai at (fi&r example) one symbol apart to produce n new
signai. This chfi'erential signal is then correlated with the oo
d&fferenual preamble s&gnal. Th&s opcrauon tume a frequm&cy
olTset Into a phase olTscL thus st&11 producu&g a rehablc peak
of the correlation vector even with a Lsrge frequency offset.
I lowever. this opemst&on results in a nominal 3 di3 loss in the
effective Bi~ca)-to-no&se ratio (SNR) of the preamble corre- II,
)ation at the receiver. Thus, this option can selectively be
disabled when for example the symbol rate is high, which
implies relet&vely small carncr frcqucncy oifse& at a ivcn
system frixNm&cy offset bctwccn Ihc Irdnsnu11er and rrmeivcr.

To produce constant, prcamblc correlation peak value &n ss
view of ditferent notch filter coetTicients, the total power of
the pre-distorted preen&ble pattern is ni1nnalized as shown in

FIG. 8 A preamble correlation block d&agrtun with all thcsc
techniques incorporated is shov n in I'IG 10, as discussed in
further detail belotv.

Camer frequency is estimated in hvo steps First, the phase
of Ibc

dr

ffcrcnt &el
correl at&on peak prov &des I 1m coarse carrmr

Irtxlt&cnc)'shnla&&00. Thc cod&Bc lrcqucncv c&roi Is con&pc'0-
sated by derotating the buffered preamble as referred above
'I'heerrorestimateisgivenbydf argj('V(t )

e"'"J After that,
fine carrier frequency can be estimated by comparin the
phases of the hvo consecutive CV peaks as follows.

s/= sgptit.pti+ 'ii
~It-I

Note that tlfi s tecluuque is insensitive to the IS I created by the
channel. Hotvever, its estimation msnge is limited to F„r„/
(2N),whereNis Ihccorrelauonvector 1m&gth &n symbols (e g.
a range of 3.12s'!o of Fo „, for N=16 symbols). Both a large
offset range and very accurate estin&ates can be ach&eved by
usiag both techniques in sequence.

Note also that in a typical lot& symbol rate transmission,
wh&ch usually corresponds Io a large lbcqucncy offset, d&ffi:r-

an&ail corrclatron is used. since thcrc &s l&ttlc ISI/ICF. For a

high symbol rate, which corresponds to a small frequency
offset and high intersyn&lx&l interference/narrow band inter-
ference, direct correlation (rather than d&fferential correla-
tion) of the preamble is used.

Thc peak value oi'thc correlation vector provides tm mup1i-
htde estmmte of the received signal. 110&vever, the correLstion
peak value is sensitive to the residual ermr of the fine fre-
quency estimation. By compensating by the residual ibe-
quency error. the ain estimation can be si nificantly
improved as shown the table ofFIC). 14 and descnbed belotv.
Furthem&ore, the unt&al gain cstunation cdn bc further
improved by enabl&ng the fine gain loop such as cqualizcr
ti'BCkh&g

FICi 10 shotvs additional detail of the preamble correlator
105 The digital signal fro&n the filter 300 goes into a differ-
m&tail operator 503 Ihat includes a delay clcmcnt 505, a con-
jugation operator 504, and a multipl&cr 506. The local rcphca
of the preamble is convolved v ith prehlter coefficients in a
convolution operator 515. I'he result of the convolution
operation is fed into a differential operator 516. A prescaler
540 normalizes the local replica of the preamble. outputting a
normalized version of the local replica of the preamble. The
normalized local rcpl&ca ol'he prcamblc and the d&ffcrcnii-
atcd dig&tal signal from the lil&cr 300 are both u&put u&to a
preen&ble matched filter 520. v hich outputs the vector ('V
corresponding to the convolution operation of the (differen-
tiated) input si nal and the normalized local replica of the
preamble.

Thc output of the preamble ma&chad liltcr 520 can bc uscsi
to determine if a packet has been race&ved. i e to genemste the
start of packet signal In the case of ranging, the preamble
correlator performs a correlation between a diiTerentiated
vers&on of the preamble and a differentiated version of the
locally stored replica of the preamble /Idio J for N=16. In the
et&Bc ofdale packets conlmning a prcamblc ands data porhon
as shown u& FIG. I, thc preamble correl ator 305 w &11 perl'onn
a correlation behveen a CA/A( sequence in the preamble,
and a iocally stored replica Jcm} of the ('A/A('equence

Returning to FIG. 9, thc preamble correlator 305 outputs a
correlation vector (CV) to a Start Of Packet detector 310 and
to a parameter estimator 320. If the Start Of Packet detector
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310 dctccts Il&at thc packet &s bcguuung by sensm a peak &n

the CV. it &vill output a Start of Packet flag to the parameter
estimator F20

'lite parameter estin&ator 320 is responsible ti&r estintating
the four parameters of prunary importance; frequency. gain,
phase. and symbol tim&ng. Based on a peak of the correhation
ice&or (CV) in Ihc case ol rangu&, Ihe parmuetcr estuualor
0 ill estimate a coarse cd&r&cr lbcqucncy based on a peak o f the
correlation vector fron& the preanible correlator 305 An
exmnple of a correlation vector CV is shown in Fl(i 11, and IB

an example of a differential correlation vector is shown in
FRT 12.

The parameter estimator 320 then outputs a coarse fre-
quency ca tuna tc based on a d& fferenua I CV peak to Ihe second
m&xer 335. Thc second m&xcr 335 outputs phase ad)usted
samples. v ith coarse frequency error removed (i e., v ith
adjusted phase) to a buffer 330 'I'he buffer 330 also stores the
samples outputted by the mixer 333. 'I'he buffer 330 provides
the phase adjusted samples to the parmneter estimator 320
and to a nudtipl&er 340 20

During ranging, thc parametcr

as

orna
tor 320 also perfi&rnw

a linc carncr fr&xlucncy cstunatc, based on Ihc second and
third sequences (An example of the second and third
sequences is (d&s) (dis) Bs discussedabove )Anexampleof
a correlation vector for the ent&re ranging preamble is illus-
trated in Flfi. 13. As may be seen in FIG. 13. the left-&nost
peak corresponds to a peak of the correlation between a
dcrii a tive of thc lirst race&vcd scqum&cc (wluch &s an mtcgral
of a CAZAC scqum&ce) and a locally stored replica of thc
( A/A('equence 1 he next nvo peaks corresponds to corre- ic
la&iona between derivat&ves of the second and third received
sequences. and the locally stored replicas of the ('A/AC
sequence (c,&),„.&s). Based on the second and third peaks
exceeding a pre&(etermined threshold. the parameter esrima-
tor 320 perfomw a linc earner frequency estimate. Tlm fourth ii
CAZAC sequence in thc preamble may be ussxl Io perform a
check, vcnfying that Ihc linc cdrncr frequency cstnnatc has
been done correctly

For ran in, f I ) the first correlation vector (the different&al
('1 ) is greater than a predetermined threshold th, (e.g.. 60 in do

FR k 13) „and (2) the peak-to-sidelobe ratio for the second CV
is greater than a prcdctcrnun&x) Ilueshoi&1 ihs, and (3) there is

slope change from pos&tive to ncgauvc (i.&., &herc &s a
dclincd peak for the a&mond corrclauon v&ctor CV, which is
about 78 in l&l(i 13), and (4) at N'I'econds later, the peak-
to-sidelobe ratio for the third ('V's greater than a predeter-
mined threshold th,. and (5) there is a slope change fmm
positive to ne ative (i.e., there is a defined peak for the third
correlation 1 cctor CV which is also about 78 in

FIG .

13), then
the peaks are conlirmcd, and the signal is acquired, otherwise, 0

thcrc is a reset. The peak to snlelobe rat&0 (PSR) &s delincd as
(x/ (peak),'avg of ('V (samples a&vay from the peak)
and prov&des a relative SNR when gain is normalized (e g.,

during ranging).
For packet acquisition, if CV(peak)&thu and PSR&th, and &s

there is a slope chm&gc &n thc cxpimtcd 0 mdow, then there is
burst dcqu&s&uou, othe&w&se there is a reset.

11&c parameter esumator 320 outpum the esumated gain Io
the nn&ltipher 340, &vhich niultiplies the output of the buffer
330 by the estimated ga&n from the parameter estimator 320, &0

outputting it to a third mixer 350. The third mixer 350 also
takes as an input the fine carrier frequency estimate and a
phase cstunate lbom thc paramctcr esumator 320. After per-
fornung m&other phusc adlustment, Ihe tlurd mixer 350 oul-
puts the phasc-ddlusted s&gnal Io a resamplcr 370. The param- si
eter estimator 320 also outputs a sy&nbol ti&nina estimate to a
bmid loop 360

16
Still w&th regard to FIG. 9, the outputs of thc tlurd nuxcr

35U and the parameter estimator 320 go to a tnacking sub-
system 355. ('o1 lee tivel 7. the re san&pier 370 and the baud loop
36U con&prise a syn&bol timin subsystem 357. 'I'he symbol
tim&ng subsystem 357 outputs re-timed symbol samples to an
adaptive equalizer/carrier loop block 375 (see also element
258 in FIG. 6).

Spec&lically. Ihc adaptn c equal&zer/curner loop block 375
includes a feed forward equalizer 380. winch receives the
re-timed symbol samples fmm the resampler 370 'I he feed
forward equalizer 380 then outputs the forward equalized
samples to a fourth mixer 385. The fourth mixer 385 also
takes as input the output of a phase lock loop (carrier loop)
390, and then outputs phase adjusted lbrward &x)ualiz&xi

samples Io a d&m&s&on fi:cdbdck equal&zcr 392. The dccis&on
feedback equalizer 392 includes a sumn&er 395, a decision
block 395 and a feedback equalizer 393, as shown in I'1(i 9
'I'he output of the decision block 395 are the symbols repre-
senting data.

Note that the carrier loop 390 and the baud loop 357 of FICi.
9 corrcspond to Ihc tract u&g loops 261 of FIG. 6

With regard to lil(i 9, it v ill also be appreciated that
certain applications n&ay require addit&onal phase adjustment
For exampie. in the case of satellite conununication. fre-
quency oifsets are frequently very large Thus. in such a
system. pnor to uipuuing Ihc s&gmi1 into the lil ter 3 00 ofFIG.
9, the s&gun 1 may pass tluough a lirst m&xer, to remove a very
large frequency offset often ti&und &n such satellite systems

Additionaliy. as may be seen in FICi. 12. the differential
correlation vector (CV) outputted by the preamble correlator
305 u& I 1m case o f a coarse carrier frequency ca time tc docs not
always l&avc a well dclincd peak In that case, any mm&bcr of
methods maybe used to estimate the peak. I&or exan&pie, in the
embodin&ent, parabolic interpolation is used to interpolate the
peak of the differential correlation vector, based on the high-
est three points in the vector„as shown in FICi. 12. One of
ord&nary skiil in the art will appreciate that the invention is not
1&nutcd Io Ihc parabol&c u&terpolatiou method, but may usc
d&ly'I&In&bc& ol Icchuiq0 i s lo 1 &Innatc tile loci&I&ou 0) Ihc pcdk

Additionally. the tenn 'mixer" has been used in this con-
text to refer to a multiplier by e'"". This. of course, accom-
pl&shes a phase adjustment of the si nal, without alterin its
amplitude. Itw&11 bcapprcc&atcd. however, that othcrmed&ods
of d&llust&ug phase cx&SL ui Bdd&lion to &I&ill&&ply'u&g Ih&'. s&gudl

by e'' For example, a ( ORDI( processor (coordinate rota-
tion d&gital computer), which performs a trigonometric n&ta-

tion by using shifts and adds, &vitbout any mu

it &plies.

may also
be used to accomplish the same purpose. Thus. for purposes
of this application, the term "ntixer„" "derotator" and "phase
adl ustcr" arc us&xi interchangeably, to refer to any mcchan&sm
lor &i&I)i&snug flu: phdsc ol d s&gudl.

It has been found empirically that certain combinations of
CAZAC sequences provide superior results. particularly
v hen cyclic continuations are included are added to the
CAZAC sequence. For example, cons&dcr a CAZAC
scqum&ce of length 16, designated by ic,&r, wluch has Ihe
following symbols

II has been found cxpenmentally Ihat rather than usu&g a
"bare" ('A/A('equence as above, it &s preferable to use a
20-symbol sequence as follows

Wluch may be wnttcu Bs cid ci (ci && cc ci Thc svul-
bols ( &1 (

1 in front 0 f the ('A/A('equence are referred to
as a "cyclic continuation." &vith the inherent property that
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Ihesc symbols must corrcspond to u contnuiat&on of thc
( A/A('equence (i.e, fora sequence (c,&) cii ci c c&

the cyclic cnntinuation preceduig the sequence (c&c) wnuld
be ('„,, ('», and the cyclic continuatinn following the
sequence /c„,) is cu„c,) Note that the cequence of symbols

C,CC,CI,CI Ci .C

does NOT have thc CAZAC propeny. Bi&hough it &s derived
I&01m B CAZAC scqU(uci Bs cis cis (ci(/ cii ci (1 I

nvo-syn&bol cyclic continuation in front of the CA/AC
sequence. and a Uvo-syn&bol cyclic continuation after it) It
will also be appreciated that the cyclic continuation need not
be Uvo syn&bola long.

One embodiment for mqn ing includes at least four
scqiicuc(U plUs 0&10 cvcllc co&it&UUB&i(iu sviubol Bs Ioilowb:

(ale) (als} (a(s&isle]

for a 65 symbol long rm&gu&g prcmnblc. Thc scx(uence &d, &/
is used ti&r a coarse frequency estimate, the sequence (disj

&o

(die) is used for a fine frequency estiinate„and the last
Smi&&CUCC /id&e iS uSed tO Perfarm a CheCk. (See Flfrb 13).

In the case of preambles in bursts that contain n payload,
other possible scqucuccb arc

c«c« (c«) c„c,(szil slmbclscqucnccl

cii cia Icis) (cis) cc*ci(s&ssyinbclsequencej

c« "' (c s) (c s) (c,s) in S(i symbcl sequencej
etc

&(I

Which sixNcnce to usc in the preamble dcpcnds on the
order of modulation des&red, channel characteristics, etc.

It &vill also be appreciated that the ci nnl-to-noise mtio
(SNR) is determined dunng ranging. Additionally, if other
modems arc already opcrat&ng on the channel, the burst &i

remen cr 202 may use information from thc other modems to
enemte an initial estin&ate of the signal-to-noise ratio.

Additionally. one of the advantages of the present inven-
non is that tracking may be pcrlbnued contunially, includu&g
duru&g &hc data portion of thc burst. In other words. altlx&ugll qo
thc pariunctcr esnmntor 320 provides uutuil cstnnatcs tlmt
n&ay be tn&e during the premnble portion of the burst, an even
better parameter estimate n&ay be accomplished by continu-
ally tracking the data. This is accomplished in the decision
feedback equalizer 392. Speciiicaily. in one example. once c-
the data portion of the burst is received, the igedback equal-
izer will gradually convcrgc towards a se1 of equal&zer coel-
Iic&cnis (equal&zcr taps). Ii Ihc uutml gau& cstm&ate was too
hip)&. the nmin tap will decrease slightly, and ifthe initial gain
estimate &vas too low, the n&ain tap will increase slightly. to
refiect an even better est&mate of the gain required.

Aililitionallys other taps ol'thc cquahzcr 392, m some cases
ull &hc taps of the cx(uafizcr 392. nmy bc used to adjust thc
pain, depending on system parameters For example. for sat-
ellite communications. typically only the main tap of the 1

equalizer &vill be requ&red, wh&le for cable modem tmnsm&s-
sionss nu&re than just a main tap may be needed. Also. there
arc a number ol mathematical funcnons that can lake u&1o

deco&in& Ihc 01&cn )'&i Bll &lie ixliiulizcr uipb, 101 cxBU&pic. sU&11

ol sf&&arcs. so

FIG. 14 illustrates the concept ofcorrecting the gain versus
carrier frequency ermr. As the table of Fifi. 14 illustrates. the
pnrmncter asti mut or 320 can look up ihc e aim&ated correct &on

factor based on thc frequency error w luis it is tracking data,
and adtust gain accord&ngly. Thc line gmn tracking may be si
performed nn the entire payload of the burst, or on a subset of
the payload.

It w &ll be appreciated that thc various invenuons dcscr&bcd
herein and in U S Provisional Patent Application No 60/296&,

450, filed nn .fun g. 2()01, entitled "ROIII.)ST liURS'I')i(TI&(fl'ION

ACQUISITION SYSI'I:M ANI) MlrfllOD,'*
U.S. Provisional Patent Application No. 60„296,455. filed on
Iun. g. 2001, entitled "RECEIVER HAVINCi INTEGRATED
SPECTRAL ANALYSIS CAPABILITY," and U.S. patent
appl&cation Scr No. 09/430 g21. Iilcd on Oct. 29. 1999, all of
which are incorporated herein by reference, n&ay be combined
in various ways in a single system

It w&ll be understood by those skilled in the art that various
changes in fom& and details may be made therem without
departing from the spirit and scope of the invention as defined
111 Iiu: iippciulcd cia(Bin. Thiib, thc b&'cud(I& a&10 scope ol thc
present invent&on should not bc fimitcxt by auy of the abovc-
described exemplary embodiments, but should be defined
only m accordance &vith the following claims and their
equivalents.

What is ciaimed is:
I A shared-channel conuuunication receiver. compricing:
means for pcrfornnng a gau& cstimatc based on a burst

preamble:
n&cans for tracking a burst &vi th an equalizer having a main

tap coetficient; and
n&cans for adjusting said gain estimate based on said main

tap coefilcient.
2 The receiver of claim 1. wherein said equalizer uses a

port&on of a burst pa) loud to dcm c sa&d main tap cocilicienn
3 Thc rccc&vcr of clnun 1, further compris&ng
n&cans fnr acquiring said burst having said burst preamble

and a payload; and
n&cans fi&r extracting symbols from said burst
4 The receiver ofclaim 3, tv herein said equalizer uses said

payload to derive said main tap coefficient
5 Tlm rcceivcr of claim 1. where&n smd ga&n est&nmte &s

adjusted based on a plural&ty of taps of smd equal&zcr.
6 Thc rcceivcr of clnun 1, further compns&ng means lor

estin&sting a channel signal-to-noise ratio based im said burst
pi'O'Iiilble.

7 The receiver of claim 1, further compnsing meanc for
estimating a carrier phase based on said burst preamble.

8 Thc receiver of claun 1, further compnsu&g &ucans Ibr
looiong-up a corrccuon lictor in a look-up table, whcrcin said
look-up table is based on a frequency error.

9 'I'he receiver of claim 1. &vherein said hurst preamble
includes a constant-amplitude zero autocorrelation sequence
and a cyclic continuation prior to said constant-amplitude
zero autocorreiation sequence.

10. Thc rcceivcr of clmm 9. whereu& sa&d burst prc(m&ble
includes a second cyclic conlu&uat&ou aficr said constant-
u&i&pl&i&dc zci0 BU&Ceo&&clat&0&1 scqUc&icc.

I I. TI&e receiver of claim 1. &vherein sa&d hurst preamble
includes

two back-to-back zero m&tocorrelation sequences;
a first cyclic continuation that includes two symbols prior

to saul two back-to-back zero autocorrclat&on
bcqUcui cb. Bail

a second cychc continuation that includes two symbols
after said nvo back-to-back zero autocorrehqtion
sequences.

12. The receiver of claim 1. wherein said burct preamble
includes:

three back-to-buck zero autocorrelat&ou scqucnces:
a lirst cycl&c conununnon lmvu&g two symbols prior to said

tlucc bacl -10-bacl zero autocorrclauon scqucnccs: and
a secnnd cyclic continuation having two syn&bola after said

three back-to-back zem m&tocorrelation sequences
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13. The reccivcr of claim 3, wherem saul burst ulcludes at
least one constant-amplitude zero autocorrelation sequence
outside of said burst preamble

14. 'I'he receiver of clainl 3, further compri ~ ing means for
pre-filtering said burst.

15. The receiver ofclaim 3, wherein said means iiir extmct-
ing symbols I'urthcr includes means for adju sung a gain based
on snid main tap cocliicient

16. A system for receiving conununications over a shared
communicatioiis channel, comprising; 1 I 1

a feed fomvard equalizer having a main equalizer tap:
a decision feedback equahzer that adjusts a gain of n phase-

adjusted sample based nn said main equalizer mp:
whereul said iced lorward cciualizcr oulpuls a iorward

cqualizcd stunple: and 1

a trackin loop, includmg a derotator. that receives said
forward eciuahzed sample and outputs a phase-adjusted
symbol sample having a phase, wherein said phase is
adjusted by said derotator:

wherein said decision feedback eciualizer receives said zo

phiisc-tiiljustcil synlbol sdnlplc and olltpllts lin ccnial-
izcd stunple.

17. 'I'he system of claim 16, further comprising:
a tilter that receives a digital signal from the shared conl-

munications channel and outputs a sampled sigttaj,
a preamble correLstor that correlates a portion of said

sampled sigrnal with a local replica of a preamble to
generate a correlntion vector mid d sldrl ol packet signal,

a parmncter estimator lhat receives said correlation vector
and said start of packet signal and outputs a frequency
cstlmatc, an cstimattxj gain, an cshmatedj camer phase
and a symbol timing estimate:

a second dcrotator tlrdt rccclvcs said sampjedj mgnal and
outputs a second derotated signal:

a buffer that receives said second derotated signal and
outputs a buffered second derotated si~aj:

a tlnrd derotator that receives said buffered second denl-
tated signal nlultiplied by said estinlated gain, and out-
puts a third derotated signal; and

a symbol timing subsystem that rcccivcs saul symbol tim-
nlg cstnnatc ting sdld thud ilcrottitcd signal and outpuls
a timed symbol sanlple:

wherein said feed forward equalizer receives said timed
symbol sample.

18. Thc system of claim 17. whcrcul a denvativc of said
sanlpled signal has at least one of a zero autocorrelation
sequence and a constant-mnplitude zero autocorreLstion
sequence.

19. Thc system of claun 17, whcrcin anni parameter esti-
mator compares phases of two consecutive correlation vec-
tors corresponding to zero autocorrelation sequences to pro-
duce said frequency estimate.

v r r r
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