System for and Method of Renovi ng Unwanted | nband Signals froma Received
Commruni cati on Si gnal This application clainms the benefit of U S
Provi si on¥P 28pHI6@4t i on No. 61/266, 312, .filed Decenber PET/UPRHO/05BBE entire
contents of which are hereby |ncorporated by reference. Field of the

I nvention [0001] The invention relates to a novel systemfor and nethod of
renmovi ng unwanted i nband signals froma received communi cati on signal
thereby inproving the quality of the received comruni cati on. Background
[0002] Information can be transmtted across distances by encoding the

i nf or mat i o%ystem Epranddvietihed od Ramoyagd i wanteryInbrad Signals rvg communi cat i on
signal across differentpisped @mwWuhReial Sithiel ess nedia. At the receiving
end, a conposite signal is received that includes both the desired

comuni cation signal as well as other signals that become added either
intentional |'y Diis upilinttént domatiepeneiadd wilirtiinonhéppaerdwndt h of the desired
conmuni ca bQﬁ/ gQﬂﬂl’%?@%é&n&%?eﬁxﬁ'&@@hﬁe@&%aﬁ@gf%gﬁha%'Se interferences
or any ot itable signals, and are generally unwanted because they
coIIectlv@@?ﬂaﬁﬁMP%éW@@ﬁ&@?“&“bontr|bute to the degradation of the quality
of the received connunlcatlon signal. Because they are present within the
frequency rﬁgge (f bandmndth) of the deS|red communi cation signal, these
ot her sig lred to as being "inband." [0003] The quality of a
recei ved [ﬂ@ﬁmmfrhaunvemtlm ighgs to s netel ssstenhiar anfhmﬁihedl obrenwving weHaneél or a
radi o C ha{HB \A}]d si G P SF RS 86mARNR i@l di Ghalthf @yl hBFovROWRE qlﬁa@.dy 0 noi se
power ere C represents the power of the désired receive
connunlcaﬂﬁéﬁﬁ§méﬁﬁmﬂ%%HmN”¥epresents the aggregate power of all the
unwant ed signals present in the bandwi dth of the carrier. This invention is
directed oqarqmlnprOV|ng the quality of the received communication signa
by renovi unwant ed signals fromthe received commnication signal.
Summary [ 0002] Anfeysttemchivbe amgnnedrestpseflisiaaeas vy §Hcasiins Be idp@tiphband

signals f 519[8121%2115 fef %d’t‘?ﬂnsﬁﬂﬂﬂé’ﬂﬂe(f@&ﬂtﬁl@ c§in9ﬁlﬁlca!1§n A8SC! Eérb@dhl 8@ tigyeand
signal or rise noise, interference. S|€na Sﬁ@ﬁgwﬁny ot her

0
unwant ed %?ﬁﬁ @‘WH&%SE' Ethé@%@FVVW’ o @ CPRBOSIH TR nder | yi ng
conmuni catnchidss both theckesiverconmaaioagsn sigeo npwsll aeothclgsl@ialstthmfoewmuﬁl udes a
desired 1&gl VA SATIHALEAL! Al alenal e@@ﬂa Wiffinhe ORISR NRFOA Rlignal s A

si gnal processor proce osite signa form an
esti mat e @ﬁmmh’e‘&ﬁ@@ﬁr@él CBW hergtgnsls 1%€1ygﬁ%illdedﬁﬂseawteégeﬁ“ﬁﬁ%% 28Y °tRe i nband

signal s. Theseshd ﬂma@s @ﬁd &ﬂa%emenmmdm%@ﬂ@beausemwedﬂebyvdlyem/ed fromthe
conposite, hhat e the desi red

recei ved H@ﬁﬂﬁﬁ%%ﬁ@ﬁﬂﬁ”SFQWSEQ§H§HWH8?Q§@PﬁhY8 oF ?ﬁ“@dc% 3n§m6ﬁbls are
f ormed wi tigoalt Bprdusr thkn el peciget vafthic Herfegtercy sange §i.@bandvadthhblathe si gnal s and

wi t hout oftal.ni, m?ml%)[ h P afaﬁyes@&tﬁ ﬂaﬁ%@@fé’%sﬂrﬂ@ld§béciﬁé?'qh@a'ﬁﬁ."SOurCe ot her

than the receive used ere nafter, the term™characteristics”
i ncludes, but is not Ilnlted to, frequency, bandw dth, power, encoding

schene angbou@p ulTat iqeslity yperecBiéetorastitdtphispnalpfuchhe (Har eaiagen a {moo5]
Figure 1 |IIu f a |nb§

accor danc& 4R %ﬁn ﬁmﬁ%g%ﬁn%eﬁpqmEg?ﬁﬁmgﬁeggﬁ?(ﬁﬁ%ggk 1(?gﬁgése ure 2
i |1 ustratpewa (dy.stlem Coepressoeithd ngveanat priedied stostyca C@@Wﬁﬁ‘&ﬁ@ﬂ signal in
accor dance, Wt an QMo reak Blvet mllgfl@mntédrk\/ﬁﬂts'p@é’!;ent[xﬁ%e?] Figure 3

illustrates a constellatlon_dlagran1o a received communi ca ignal in
accordancemﬁhﬂﬁhgﬁleﬁﬁﬁﬁiHEWF”B?mﬁﬁes6F@§%HPWPW¢3ﬁ9F3h=geq“d“YOfﬁ

received communication signal by removing these unwanted signals from the received

communication signal.

Summary
[0004] A system for and method of removing one or more inband signals from a

received communication signal is described. The inband signal or signals may comprise

noise, interference signals, or any other unwanted signals that can adversely impact the



[0008] Figure 4 illustrates a constellation diagramof the signal of Figure
2 after having been processed in accordance with an enbodi nent of the
present iwoenti/wsG36] 0009] Figure 5 illustrates a const elpcattisemnonsssgs am of a
recei ved communi cation signal along with an .unwanted signal in accordance
wi th an enbodi nent of the present invention; and [0010] Figure 6
illustrates a constellation diagramof the signal of Figure 5 after having
been processed in accordance with an enbodi nent of the present invention.
Descri ption of an Enbodi ment of the Invention [0011] W describe a new

syst em arphabtdide Underlyieprowimgnigeiveant dedcrisamiciypyhedneposiiosieenl thegei ved

comuni C%&lﬁﬁbs%'cﬁﬁ?éd &&b@\veﬁ%mmmwnnggmﬁmﬂw drtYor®TnbhiEsig l%‘mu@l cation
si gnal . E herein, the term"received rrgrgnlcatlon S| refers to

a corrposﬁf%’a P‘@F\eéFortHﬁ%ctesﬁcﬁ NedeRELT el SPHPAHC] S]rﬁ”@ TTOH EAR e beom‘runl cation
si gnal ( adesioed @henurechiibo sigsaland desitimed ofabaimbmdagiabn Bicgsahjte obithd ot her
signal s t I Yo\ t her

unanti ci plg n((‘}s‘{ici’lrIEH lsﬁlsgtﬂ%%zdﬁ\{ 1803?&%(5;&8}{1 1;12%112@130%&%‘&9 1 ﬁ he?%%&?%) These
unwant ed esiigaglod therflebigrdercerdyasleoninpmigatien dgesd endiig eﬁﬁvatmﬁ@@ inbapénd si gnal

that is %@gnalsmee fheskd edh6Q rmummﬂe@g@ 0$ bm@musme&ehémgmﬂ Sordls@nd unwant ed”

because th | ectivel nd i a ontribute t degradati on
of ¢ he. quatay Sepifiias Pl el Duce a0 fhar i Sanihet Tn byt o

out - of bandcesvagrsgingl. canudee memdﬁényt11%|tdrtné‘r0haia@é1ﬁstiby iaclfidsguemcyoisel ective
filter, t I genefabdae id tered of f.
Ther ef oréh&%(ﬁietbP%%@gnd&g?%ﬁgﬁcghzog&%%@wﬁ%uﬁ tlo re%ovef}f/] especially if
no prior know edge of the characteristics of the inband signals are

avai | abl e}gnéfQQla]pu'Bh@fnﬁtm@an@es not require prior know edge of

char act er cs.of th band r_does uire a copy
of any of O@ é]éé uﬁW’i A 1 y u'f.{h%la ac}ﬁ%Ck Cg%ﬁlam O%d%‘bdréc\?/éé Pag e B“n%‘:%"rﬁ?}a S6ur ce ot her
t han the \El(dmlm@ﬂltcem!;ﬂg@éthelptl@éllltfln\f@ﬁh% all processing is conducted solely
from the MOSFltgﬁlerﬁ@]ﬁétYa?& aSyB0R for 1‘é@é1@iﬂg Qﬁﬁpl@@ésgﬁngQ%m@ﬁﬁh{c@ﬁion

communi catl on st gnal and the Unwanted sighals. in it. Because of this
random noi &l E‘adﬁc%@al}cé%\]/@é} cppbogifint ?fdhc PISS%H%YWHD@ ot her inband si gnal s,
such as i[overf eFigne.3 110Q1:3ds bazohabltioh disgtaiad @1 tebdiged covieminicnion signdi der t he

foll 12 C NoB [
1;’ V\ﬁ"“ ”%g&o?&an@é’wﬁﬁ %‘Dgcﬂklegpoﬁlkegﬂg‘ientsmvmlglogi ;nal :hat |+n::r| 0 degeggf‘th' he

desired d@ﬁ@ﬁ]nl Elatliedlnlﬂgﬂgﬁmla C@nﬁelﬂﬂﬁ@ﬂ dinaest efdthe pibam @f Eigyrval aftachpepg esent s
the desi gy R)@E@d&i wakt@0arkk 9@l an lembb8RIAEENhSplebi@it fdvestonynwant ed signal In
repr esent 306

E 1gure%nmsu atcg: a cogstaﬁatlon glaoram of a received communication signal
along with an unwanted signal in accordance with an embodiment of the present
invention; and

[0010] Figure 6 1llustrates a constellation diagram of the signal of Figure 5 after having

been processed in accordance with an embodiment of the present invention.

Description of an Embodiment of the Invention

[0011] We describe a new system and method for removing unwanted inband signals
from a received communication signal thereby improving the quality of the
communication signal. As used herein, the term "received communication signal” refers
to a composite signal that includes both an information bearing communication signal
(also referred to as a "desired" communication signal), and other signals that
simultaneously occupy the same bandwidth that are either unanticipated or undesired
(also referred to as "unwanted" signals). These unwanted signals include noise,
mnterferences and any other inband signal that 1s not the desired communication signal.

These signals are "unwanted" because they collectively and individually contribute to the
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NoB represents the received random noi se As such, we can describe the

recei ved carrier-to-noi se performance of this signal as Carrier-to-noise -
C/ (1 1+12Av02011m68638loB) (equation 2) [0014] Using this i rcEniSamn/o5ishe

unwant ed signal conponents, li, 12,.., In and NoB can be estimated fromthe
received signal S. These estinmates can be described as follows 11* -
Estimate of first unwanted signal conponent 12* - Estinmate of second

unwant ed signal conponent In* - Estimate of nth unwanted signal conponent
NoB* - Estimate of received random noise [0015] If we use these estimates

t o canceldeghdationwé Hicerialsly g dle reepifysd tenmsinice heshsi gwal.c Bhele ypdsgirehoyting-

fol I oW Ng,6 Fodels e teabiBy bEred BHUY  frddiEncy-JuRBrive N8 théRauRion 3) Wiere E
represents the residual error agt f{ﬁ %&e‘ca}gce Ihatll aon lh\g t hi s approach,
the recei¥anehpiENat cangotsTEalpaY FivHaATe [BFlr EGHINSEREISGH BPgnal can
be expr esisEdular Ghoye, whercrllg ifo bl krovti2dgeto e chatoB)istids of He iglstniimat es of

t he undesj rahl e ents are sufficiently close to the actual conponents
t hensel vggngﬁgﬁﬁlaé?ﬁ%??s novel technique can be used in several different
ways to inprove the quality of a received conmmunication signal as well as

t he capagpdip] of Tie B@ITAUMICE abi RQSreGiIRN RBGwlclife MBahOEMtcabl BB udfaitbd S

i nvention, ié can be gsed to .inmprove .t he ﬁ? ecti \a/lea .rg%si veg b

carri er - PHR8FERAR 41T SOTAERIY CoTmY A Y 7IIRC SFHHAT PRSI A4 % ¢

unwant ed avahdbnraorsesousiecitha shagitle ¢apsposiBysigst itselft | Thys.afigorodvening snovi ng t he
noi s€ t0 thdaldd sbRROSo R nd dpBlifihecioa 181 KEGAIIME ok e dlicd O-NOI se ratio

can be i npr ove€§ S aspect ‘of the inventiaon would save power and

t her ef or SOBHBEIABHEMALS GRBYVAIPOHERY BIhmRATAESOT 1S $1GRRIYIE§2he

transm t thederddvedoneddipen@rsmodng ol inbadesigna edue e ds intdrferdrhie same qual ity.
[0017] In another aspect of this invention, this technique can be used to
renove one or nore unwanted interfering signals that are received within

t he bandW@it3h ofo hdieilbekite dds moeniioni easiderths fadleaing Beeresst | mati ng t he
interferipg,sigRahssignd then renoving themto within range of the error, E
the quality of the received comunication signal can be inproved. [0018]In
a third aspect of this invention, it can be used to increase the

conmuni cat+ an+ dapBct t.y+ bf + BoBhannetudigna) | owi ng two or nore conmuni cation
signals to be transmtted sinmultaneously in the sane bandwidth. In this
formul ati on of the invention, both the desired carrier (C) and an inband

i nterferibersi gnal are communi cation signals. But, fromthe point-of-view
of the desired carrier (C), the inband signal is an unwanted interferer.

However C‘;fo‘_rom t he ?oi nt - of - vi ew af ﬁh‘e g nF%n sq‘ gn% (which is 'htsel f an
desired COfRUMTCRTT GHIRISYREITY St HENL4HY 1BtIETIO A IVEHY B HE S f er er .
The i nvenidnohrdale loevanted inband signals

C represents the desired communication signal

I1 represents the first unwanted signal

In represents the nth unwanted signal and

NoB represents the received random noise
As such, we can describe the received carrier-to-noise performance of this signal as
Carrier-to-noise = C/(I1+12+..+ In + NoB)  (equation 2)

[0014] Using this invention, the unwanted signal components, 11, 12,.., In and NoB can

be estimated from the received signal S. These estimates can be described as follows

I1* - Estimate of first unwanted signal component

[2* - Estimate of second unwanted signal component
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used to separate out these various coi nnunication signals from one anot her,
effectively allowing nultiple carriers to sinultaneously share the sane
comuni cavpansl/sk@anel , and thereby resulting in a net garnscoronbssEapacity
of the communi cations channel. The capacity increase that can be gai ned
using this technique, for a given nodul ati on schene, can be described as
shown in equation 4 below G = (M1l.)* 00% (equation 4) Wwere G is the
channel capacity inprovenent and Mis the nunber of overl apped

conmmuni cation signals. For exanple, two conmmunication signals (M2)

transm t thet- Eﬁn@ﬂma&ﬂhenwaﬂﬂeQQWﬂC@ﬁp@w§6096|ncrease in capacity(i.e.

(2-1)*100%p+ 100431 Mcadantags @iset his nmethod is that it does not need a
copy of a given unwanted signal in order to renove it and obtain the
desired signal. [0020] Figure 1 shows a system bl ock di agram of a signa
renover 10@5)n Hecosddrsecsiintties ancant)olti wevintedfsignhlecoprresens, thamwent i on. As
shown in , kggyt signal Si denotes the desired conmunication

si gnal gh'%£SH%”E%§gﬁt signals which are received sinmultaneously in the
sane channel. S1 and S2 can be conpletely independent, neaning that S2 does
not have ¢t-0]1b@*rabated 1.6 @i nh +aMyB Way B3UGhuasn 3j or exanple, when S2 is a
nodi fi ed version of SI. [0021] The signals S1 and S2 may be preprocessed
prior to being processed by the signal renover 100. This may include, but
not | i mi tWbert o repsésmutb therrendwl yrrpeadier thersgnacHeticwo isingedissippieaths el +S2 and

di gi ti zi ngyeivehlch@iet i&%ﬁé&%ﬂ@ﬁéﬁ@& bﬂﬂlrtc&%nﬁhﬂﬁl@erﬁm a@@a%zﬂe dxpredtd@gbodi nent

of the present invention, Pgé gé? gresune Be different in sonmeway
as, for &xamiieE tthé ol o ?@” ) 3idtha estiggaigs o1 e un desaplsi QRS er of S1
Ps2 = Reced sigficipoiwariosafio 52 ac{u@0a]poblsitdidetnbalgest r arrewor k, we now wal k

t hrough the bl ock diagramof Figure 1. Starting fron1the top left, Si and
S2 are received together and input to a first block (102). The processing
steps ar d0¢fédcrTipedovehteghiiane ¢salbswsed ipaowyal THETEIL s togmprayedesrodul at ed

using a 11919@%? QheceE Bmﬁﬁmﬁl'aab?ﬁlad@élhyﬁ WAVRIthZ&ha@ty & aRheheskafibhdt er .
or sone

Figure 1 ve e allzer

ot hor © pr GRHSLT i ceb hanulaBa S THE bl Ghiona ot u%‘i&élﬂ%ﬁélﬁﬁf#a{wo Figuro 1,
t he denodaka&d@mnwsupem&nmnedmbyabmﬁnmdmmtmmeyBQMaMRzedwmm2mmanm&ase | ock

| oo PL Ci Lonverter
bl O(FZ) k( 1052“1%@1 Ol?e %gg‘ggla??sor@ (ﬁﬂmq nq&ﬁd]tggl 1%91%@:%?1%’@’%‘?%3?3{??12{”%2 age wll
denodul atod th ija,w e tmveflﬁel@bﬁmmlﬁedﬁﬂwnéwéu@weﬁa? Nip@speciy the hen t he

denodul atlﬂ&nﬁbﬂwahldvg@w a)\m 24) thetdiomﬂegsz b(ﬁt@_ﬂlﬁi@ﬁ@“ﬂ@@? alldvﬂﬂﬂ denodul ati on
stage Car}; 611 A0 C Fm ﬁ 6213 m?tﬁg t Slerevenesl a c}gg gt deig 1h| gher
power S2 “QIGHEYGUONHERRS IV e Bt & Q86 BT 19 S OhTYY At al Iy
over | appisageignalfty.equency with Si. [0025] The adaptlve equal i zer 102

recei ves the conbi ned signals S1+S2. The adaptive filter coefficients are
updat ed using an adaptive al orlthn1su t he Least Mean Squared (LMS)
error al ¢8Yihnin Ewaﬁl%asa?qt@ 1lssmvemmlﬁ it gmtqH%CEf”é@dlﬁa‘H? EMGHAPRCEETS 1 om
sunnatlonn@%@ﬁwmﬁ&ﬂmuihengegﬁMswgt&bh&ehm@amﬁmahesmﬂhtheithmuﬁﬂan

equal i zed ogSt | Ercaa}lcem glvna yegttl)lqzlltlsn tlThH?elFeﬂualsﬂg%a S an Innl%gl"%Vll‘JS t%f{ I ed to a
mﬂtlp|le vy tﬁ }1 se i fferencess) Fromt he 104 to

gener at e ‘atlphamee 00O eﬁslatsethc aealityrefi the tﬂ’CCl@d @ymm@heatlan stghel conbput of the

nul tipliepplbed(this signal is labeled "Y" in Figure 1). This

phase- conpensated estimate of S1 synbols is provided to the synbol decision
bl ock 106 which outputs S1 synbols froma synbol nap based on the

phase- corfpersjat e st himeteofofis Siesymbalesn §d dved auinpiebseshgaahminscdtabel ed " D'
in Figur & %any o?agﬁan%gbo%/dﬁﬂ é%_ltwco & Iﬁ{o &cﬂl\ﬁ% stE)n s{gﬁgls 2y E@Q!ms Pcdf or the

si gnal Si© nown 1°n-a ce or derive ron1 e receive S|gnal Si,
such as issméasesushed thawapedandyiddntin s fopmalagorveiithe irventéam: both theont ent s of

whi ch ar ejchieddetidr K‘@Pérﬂ%ﬁqaﬁ&ﬂd weﬁ@fn@rsﬁéﬁngme E&Qj%ﬁﬂucz-&lfhﬁ s%hfaEUIBuD fRfn t he
synbol i si.on Ioc ts block 108, to

0
The sunmbt BHTENSHRY DB SRt G Rith (B I ORT SHE ST DI BP R 10
det er m ndsoveevdi, fiioer tnpeinbet-weernf dachbaB8H sgypattiehicdus paeif dordeprddhe symnbol
deci si on I to the
synbol de%ﬁgﬁgﬂﬁgﬁoggﬁﬂig%(%ﬂ(ﬁ%é Qﬁgh?gg§%i %ggﬁbngﬂgﬁvﬁﬁ§gﬁgygéused to
adj ust the equalizer paraneters. The RLL 104 uses the phased-conpensated S1
synbols fromthe multiplier 112 and the synbols output fromthe synbol
deci sion block 106 to formthe phase correction which is applied



to the multiplier 112. Thus, the PLL 104 causes the denodul ation stage to
|l ock to the signal Si by tracking and adjusting the phase offset fromthe
equal i zerwoubnuss63fhe greater power of Sl results in | oekirnig2a410/05883 at her
than to S2. [0027] The synbol s-to-bits block 108 converts the phase
conpensated estimate of the synbols (the signal "D') to a Si output bit
stream This bit streamrepresents the denodul ated estimate of Sl bits.
[0028] Error correction can be perfornmed on the denodul ated Si signal to
correct sone or all of the errors incurred during the denodul ati on process
i f forwandedsiorsoparge puigbtse oaripusfcommutniaation sigeatbiddede prptl8ir, cffREFdyring to

Figure 1, allg\[‘v?&'} lﬁﬁglrc%ggrleﬁ'}o %ﬁnﬁﬁﬁéo%lp'%gmpﬂleas@m@'bBIanuﬁEEﬁcﬁﬁtc!lélﬁlep'aﬁlPk 114.
The out put o ‘?'l rror correction 14 i s an-error CO&IGCted ver si on

of the SihesbiHHIENERA 6L (T F BRECHY %nﬂl? FEMBEREHIPPS I ST dEl in that bit
errors arc@pafcﬁﬁ u&@edlse ihtt @R oelgdinbéuging &k tdtatquenfoan girbadidniation athemhi s
|nvent|onant 8 [5G 5&§ﬁ}éo lzﬁgg\;os may be omtted. Error correction
may be orfi mhere t ﬁbf(% does not include forward error

correction information. [0029] The bits are converted into synbol s using

t he syanh:m@pl qboqgg@?wn§h4)Thls process is perfornmed by a

bi ts-to-synbol s bl ock 6 shown in Figure 1 and can use the known synbo
map, or a synbol map that is derived fromthe received signal Si, as
describedNﬁheieBtb@ﬂﬁﬁhﬂanseyehppwmgmaamdNbednphmﬂgrmanmdmxmdbe per f or med.
The upsa at the

i nput . r&B n!n%lc'aﬁ o#%%chst q:o?g%gﬁpsl% rf@zo UIDHZQ‘EI I%gx A (l\éi? ughgglﬁt%% |§hsr ate of

S1 such a§W2N@é%ﬁ$e%P§W leFﬁﬁeﬂYWﬁQHWGEFﬂéﬂﬁé QO this is performed by an
upsanpl e and pul se shape bl ock 118. The pul se shaplng applied should match

the Sitr 1t pul se shapjng. t.of this ste S an esti e of Sl.
Thi's est iTIaved A1 gRanTee ubaranys i ooty dedt e and sy SBroER s
unknown, sidmehintohnder putes®vs iapi nbtasttepdesand bendnitted. This is because an
adaptive noi se canceller 120 di scussed below, will also attenpt to pul se
shape the estimate, Si*, to match that of the input 5|%Pal Si . Therefore,
where t hdOPadl s e ighigdi Stl?@wéﬁ sgsiem Blogh diggram ¢f acagnabiemenn 1U8dn fofRaCest i mat ed
si gnal ; atilesmndrs@dipett Seths Ip&@bmgmfmﬁorbeAQmoWlﬂd Fldu&OB He ihp& sfnirkSiesti mat e

is then i t to the adapti ve noi se
cancelIef%%§ﬁséagﬁ?¥9§Pmp%gﬁé%1]$§h1%1 hcunw 18%# %ﬁ; %Egmconblned
r ecei ved rsiegredlsingilmgaus tbm%@mmh@mnbﬁ§GMdéﬁeenbeﬁmnmgﬁbaﬁd%WOWWEe t wo
Out pUt s: 1 @ninkHRar&NIBEs 1$dt95'@é tofbk QEThEN &) SORRIL iRy GRNCR! fof Exa:l-l%@e VWQ:hCh in
this case Is an estimate of S2, which is referréed to as S2** . A revised
esti mat e “Bfis MOl W He¥lerred to as Si**. The adaptlve n0|se cancel | er
120 generates this revised estinmate S1** by attenpting to mnimze the
error ¢ it f o si gnal SI**
fromt he a apt .?}%e %‘%}aggeglc%ﬁl%%% % WBC@%& d%p% @m alj 9%§mg‘?]gtb}gfn?c bl ock 122.
The i nputSI@Iﬂ 910§01§i)@Sihﬁrlea}’azp?iﬂd%@u‘tlwt amﬂf@d&y siprblercorsly repsying hen, to the
summat i orgohibark s%%gls sThey ded ayitbhnckitddd dalavsplifeheerpRhiwed i nput si gnal
(that includes and 82) with respect to the Sf** S|gnal out put fromthe
noi se cancel ler 120 by an anmount of tinme equal to the tinme that the signal
S1** is delzyednso anftatlintdneosthg pakent apphtied St end Szaspravated v i ock 122 are
al i gned i gt T, k 122 determ nes a difference
bet ween fﬁ%&gﬂﬁgﬁ&gg§%ﬁgiﬁ€ |gﬁakg§¥g®9%2 and the estimated signal S1**.
This difference is the signal S2**. The signal S2** is used as an error
signal bythe, agdrpti ve noise canceller 120 in feedback | oop that m nim zes
S2**, Accordingly, the estimate of the unwanted signals, represented by
S2**  is renoved fromthe conbined received signal SI+S2. The paraneters of
t he adapthsveReciise oarscel $ler can be updated using an adaptive al gorithm
such as the- kMRiQ (RLheprsui tabl e adaptive al gorithms. [0034] Since S1** is
an estimate of Si, then the relationship between SI and S1** can be
expressed as fol lows SI1** = S1 + c (equation 5) Fromthe block diagramwe
can then derive that S2** = (Si + S2) - Sl(equation 6) This can be
sinplified as follows by substituting equation 5 S2** = Sl + S2 - Sl= S2 -
c (equation 7)
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[ 0035] From equations 5 and 7 we see that the received signal Si +S2 has
been separated into estimates S1** and S2** and that the fidelity of the
separ at i oNoi2s1t/mwed36at ed by the error E. Therefore, a ceopaskae/nsssei ved
signal that includes both a desired comuni cation signal and one or nore
unwant ed i nband signals is processed such that the unwanted inband signals
are renoved fromthe received signal |eaving the desired signal avail able
for further use. Additionally, the renoved inband signals are separately
avai l abl e for further use. [0036] Figure 2 illustrates system 200 for
recei vi ng0@3d procehs fignaychmmive atikahrosglgthalbldck deageon dakigerevii t h an
enbodi ne . . ation
yst em 200 T o BT 8 E S e R o e B R PO e

t hen recdihg@eepyring séape arel depaibgd ghordgeelorfie comuni cati on systen1200 nay

i ncl ude equi prent other than the satellite 202 and the satellite dish 206;

for exa ti temmay include, but .is. not l.imted to, a
Fodi o cr onE ¢ BT RREbPIRET TR TRlck P NS A bt Panalicd

t ransni t ben magghedpiterc dligure Anbniy etlmd;clpta»r@ cgndlennH)2, hutrd oatolwaMdtedicsh, or an
opti cal s&ﬁ@bﬂ@fIoaﬂﬁngéﬁéﬁﬂtuhﬂ%ﬁﬂ&iﬁﬂm&ﬁ’ﬁﬂ@HﬁEﬂhg%ﬂﬁgﬁ@Y1ﬁ9”““”'Cat'on

Systemt hat CO ni cates a conmmuni catl on Slﬂ}n%gﬁ rom a transmtter

recei ver deWgadpinds BEIEIMER 8Y fRsidaRt Gredt Hie AMEEL9EHOY Ghd) 194 équency.
[ 0037] As§1h‘1g(ﬂaie(:121@8 bWdek abe bl bbdﬂiolﬁlodﬁ&lcbﬁ&ﬂ@ﬂlﬁmuﬂl@&it\i\/ﬁh gl gnal and
unwant ed ;ncgpgn &mtfs [ %et 118%%111%X\I1 18id nescfcgse\(&f d%rfgdul 1?39@151%% (ufﬁﬁel ver 210, a

si gnal éd t es an unwant ed
si gnal réﬂ@@@@ﬂ@@@SQ@h@@ﬁ%naﬁﬂUé@ﬁH@N@H@@MmﬁéﬁgWéW@%ﬂﬁﬁSlbﬂ@&éwi100 in

Figure 1)cncJ{h§ar§cbg@1@é dea{oqﬁﬁﬁé@gtdgeléanw d@l%&ﬂﬁté”ﬂ%‘%ﬁ SPE%Sﬁﬁieng on the

signal in addition to roce55|n enmover 216

t hough tﬁﬁ?mﬁﬁoﬁgglﬁégg§% §”nﬁ6rA8%éﬁ%W' F?%gvgﬂ%ﬁ%f%% é? or 214 may

per f or m paeptlpoeskippiggonfreqieneyeeeh g&d S|gnal prior to its being processed
by the renover 216. A signal 218 output fromthe signal processor 214 is an
estimate of the desired communication signal Si (which is referred to

her ei n atbh2e] asTetidagivgrigralzer K2 regghes esrcogibiied sigpale Shay2 bEhwadapiite f r om t he

renmover let@l &féﬂf&é]ﬁ@ﬁle updc@@@%ﬁ%rdn%@ twm@nammqazaﬁ« ICRkM@sRonds to the
error signa

ove .is .an, esti nal S2. The
SRR VR L R R o e et ey 8 bR
[ 0038] EEmhamnmrbbdthubfﬂwh@qﬂn@dﬂksgﬁ&ﬂmamdn@@ﬂpﬂmyeQQﬂmmbmdeM3Mb a
conput er s%%ﬁh%@ikd'rﬁle' Yal >0 &ﬁﬁﬁamﬁ@%% plfed i ?ﬁm}é ‘E\gﬁjl Hzg Bﬂas@t her
equi pnent 't hat makes use o e out put si $ % such as
comuni c &tlif@eee s thedil Ie%é‘ﬁﬁlg@‘el%tﬁép zisaﬁan@elﬂ@déﬁa%? 0b3d can be

pr ocessedymboldef 1@ FuBe: ofaRdmhBipREsISR pihys sadnsbis tibsRb Ay id highfe 10r gpRrti es,

commun: c TG pRPRERer LhEob St Al prel e DS SBRCENTY ehdte)
Ther ef or evhicsoudpuiuBt srembadscaoplasymbelnearsiesedem ROOhwarotpenssied estondet ect and

extract 'o@E?"s&ﬁBcﬁB&ﬁe %tﬁﬂ%ﬁ&alf 19'iab%f%§ "EU'IrPFlSv?reQS R Q)rlfﬁxllboﬂﬁﬂéntt OFfhRg. Thus,
d 220 rther essed detf er i ne their

t he out put si.gn 8

spect r al ‘preaper %i%%ﬂr&ﬁ R ﬂ%f/hct Ha %Ecadlibl%eﬂﬂna%él“ Vaaccs%éi@w%w &5 ay. The
out put sirgpedles si2h8 SAnchicB20 igtycrivled dn UES. Bhtenteb. i71636 opuheentdat@tator age for
| at er us e ce the signal processor 214 are each
|nplenen%%&hﬂ%aﬁhﬁﬂ%\Mﬁ%@%¥§§3§%8%%nc may al so include rel ated software
that controls at |east a portion of the hardware. \Wile the received signal

i's bei ng pyegesaRGUt D 15 Adlo] HQMEBUESlod L 18k ﬂh‘é@%}tthé‘@j?ﬁﬂb&ﬂﬁz Bifs

h | th t d I t
2’2%8?2?5»?@& pbrigds %woaﬁtoaﬁémam&‘mm% Risdrvirns SPre ! O gnal
processi ngteshmpsa difdcinté barakdnysgach Bé sﬁyhsrbohtpnu@ordmmﬁddmnm mOcrkay al so be
at | east 168'3}?@@@%& sgéﬁa%geé ){fﬁ};oh?rlap%g n% t@@%hﬁd%fion%% dom Noi se

[ 0040] In one formu e inventi e desired
comuni ca?inbihs feedpackeigngl Gudichamesedo @Cbusbéhemqé@imerelp%@lé@fﬂrsaﬁa@ﬁ%o| se

(r]I ecei ved mhbbsttmp}ﬁgcgin@lm chiataeﬁsm&ﬂb@wﬁdm &c%ﬁﬁﬁkﬁfek?]i Mcptﬁgbylﬁms bllock o1
1 agram we uat i.ons ** =
P52 Bt bRt & iRt ds T bt PSP Rt ar Gl o

replace S2 with the notation N, we geg the following N** = N + E (equation
8) [0042]1f c is smaller than N, then we have effectively inproved t he
received carrier- to-noise ratio of SI. Fromthe bl ock diagram the input
is Si + N which would have a carrier-to-noise ratio of SUN. From equation
5, the systenmis output signal is S 1 + ¢, resulting in the foll ow ng cause
and effect:



If ¢ <N, then Si/c> SI/N (equation 9) [0043] From equation 9, we see that
the received carrier-to-noise ratio has been inproved. The foll ow ng

di agr anms wbhamizaesgeci fi ¢ exanpl e of how this invention eamuseowssess o gain
an inprovenent in the received carrier-to-noise ratio of a comunication
[0044] Figure 3 shows a constellation diagramof a received QPSK

communi cations carrier signal with a received carrier-to-noise ratio of
approximately 17 dB. Thus, Figure 3 shows a received signhal which can be
represented as Si + N. Figure 4 shows a constellation display of the out put
si gnal , So-+heopulgplier! 12uihusnthetMils] Gdiagnssk tellsunghulehen pagsoedewknigthst eps of

this 'nV%ﬂ&hP@}thﬁmﬂﬁLﬁM%dﬁk&&ﬁhe?Eﬁe@ﬁb&%&hﬁﬁ@@1ﬁﬁz§§m§%t Thhere S 1** =
Si +c. Qualitativ e receive performance has

been i nprvEY. POFRT ‘?figlsleb‘gﬁtlil}f{?ﬂélg t‘&gééaﬂ“eé thag “‘7%28 smal l er than N, and
therefore the received carrier-to-noise ratio was inproved to 24 dB. For
this part | e, . S1 i rection

i nf or mat | B0E nd P nanee e i dRER A8 Lorb A B Ao BEIRIH SBRE oFRET T ot
conser vatiyindolsgshamgnal "D") tospS heutp birivasn e dhis mtéﬂﬁféﬂﬂwseiltgﬂel [0045] In a
second f olmsliaticanstahatt BFS1 bigventi on, consider S1 to be our encoded

communi cations carrier signal and S2 to be an unwanted interference signal.
Fromthe input, we know that the received carrier-to-noise ratio of S1 will
be I'imtda02s) tEeoﬂmm@cmHHMn@e$m@mawd52wmw&deMammﬁ1m@gbb®tmneﬁhan S1/ S2.
From equastoh%%r 2 oy\ﬁleléﬂﬁlvél lﬁaﬁ’ltcd%uu% thtcg gtf‘oln &!egsnlf [PJY%I%S por> |77 = Sl+c
[ 0046] To '11°ust rat & e 1 nvent |oﬁ°un } enarlo ave used the
same comﬁ@ﬁi@@féﬂ iphesmetinnris embeddgdh i) Sig) RWH“@E tQ/\E@L“@sleéni)erOE}%tiﬁﬁ’l & 1(a QPSK
cai L ier V)dclfbnﬁedlﬂsaﬁﬂ drive c&eéofu@ﬁ B@BE@l@fTlﬂe%ttﬂ;ﬁltUfmeteh@tl&orﬁatl@fﬂﬁﬁmm For S2,
we have i.n

an interfer a, conmu n rrier that is
oo ot HES ke R R o e S b € aft R &, Rl B 8801 Y
over | appisngpal m that bgeencyaravedhcegl It shheldtbetnated ploanver anofmipaimémeof Bis i s gr eat er
t han the1h@kﬁbn99¥§hnQ%u&ﬁ%n%ﬂkﬁﬁb@hb?%e%h&ﬂ%‘E§§no&99ﬁ3hnfg yres 5 and 6

show the recei ved performance of Si_béfore and after running through the
system NBREedpRer thesagnays ! gpggareinsiufe [qqypidsres caFaliPR i yBlpRr f or mance of
Si with S2 present Figure 5 illustrates the receive performnce of Sl
after 52 e moved t hi ent.i on. . The g can be
repr esent @2%% '@iekl;l{ss ¥R conv%iqcﬂ gto S§fﬂ%$ sllilsmg%l{e sly{nbonln yp Por 1g|n£§1%elag?/nst o see the
perfornaﬁneﬁﬁwpm@@eﬁeﬁﬁyawWEe®Sﬁmb@SbbehéhiﬁwwmhefmﬂaelmehmcaﬁHMer t 0- noi se
per f or nan&lewefs%eya B b RS RnboPhiap thdt & it & RofBhofecdiigl fanetine case,
meani ng t atbt e degradation of g due to S2 has al nost been conpl etely

i rradi cat PSPPI s exanple, Si does not include any forward error
correction information. Wth forward error correction t he denonstrated

erforna ai
ormunt carisle. RuS e B8 @fﬁﬁﬁﬁﬁé ARG, SRR ey
con5|dertb@ﬁﬁﬂ@$eﬁﬁﬂ”821@®05 eﬁ%hﬁﬁﬂdﬂéﬁﬁﬁﬂﬁl@b@ﬁ@ﬁ@mﬁmhﬁgemeﬂwaon1
equation t aaﬁﬂu}zle\wﬁmg%blh@tc oBIS1 aiigh 282 S\Mnlp esREMBAP ReALS8; @rml%@m,put as

foll ) ** o= 1 d S2

bt b comiBh i gRe Ny Rars R PEoa kpt BT b ThedSiR chieRie R and t 1 e,
Bot h ar e stledil netthcberfuniicatii miseshgrag. sThaouthe of thivaeyr is ginestinkdonelEr , each

al so appegfs.d; Qlatéreg 2MOVEN t@das sﬁt»ehgﬁéﬂsete mgngopéhe unkfSd %{ﬁﬂém' e 2).

I n practi ce, smtting roverfent I n capacity
can be géﬁtlﬂf@dwmwstwwpelm%hsﬂh&elﬁ b?q@ésepweaﬁa@u@ r@séaﬁﬁwé“vweé@e two QPSK
carrier sddasrcesstada aglsw &1 09 altftbnfphﬁ) ;ﬁ@gmhﬁ@nﬂws@hﬁm Bi * % lm@n Ahabaf ﬁq'«’:e

separ at ed_t
oFor o o s PR RET E ot Rleviod ol ST T e B BERELD (e
capaC|tytbiaMheE@hamnebﬂmemaembkedmpwgmmnemummeﬂi|on [0050] In the case
where the invention is being used to i nprove channel capacity, the
separatleﬁgf gescrlbed herein can pe run recurS|veI¥ to separate nore
than two 1 ie ée PUBREpIEn MREEIG AR 1Rl vespisespretel el 138 dibgt i nct
communi catlioive nsisgbalcsller ALD edaptihe ylchiicsls thassmate FiSgmalm gepafmaineon, the

out put , i q d back into the
i nput orq%%gmgﬁﬁﬁﬁfggggrg§%§ﬁ§%ﬁﬂﬁgﬁfﬂmg ﬁkpwhpnﬁmkn%ooupmrforned by the
sanme hardware or by duplicate hardware), this process can be repeated to
separate S2 into the two distinct signals. Thus, this invention can be used
to recursively separate multiple desired conmunication signals that are
overlapping in frequency and tinme. Wen applied this way, the invention can
i nprove the channel capacity for a given nodul ati on schene as shown in
equation 4.



[ 0051] The description above illustrates operation of enbodi nents of the
invention and is not neant to limt the scope of the invention. It wll be
apparent wo20neesdssl | ed in the relevant art that vari at ipomasSesiolosises
enconpassed by the spirit and scope of the invention and that the invention
may be practiced in other enbodi nents. The system descri bed herein may be

i npl emented via a conbi nati on of hardware and software or entirely in

har dware el ements. Al so, the particular division of functionality between
the various system conponents described herein is nerely exenplary. Thus,

t he nethods and spdharirensgpt Eseriheadanbyeiancdice I Hbtvhighhetlkatdsy ival ated to

any particul ar conmputfdte 6f SPWHEH 1@9@@5@3@% skunctions perforned by a single

system corrponent y_inst ead be ye nents and
functions perforfe V‘Sﬁ‘iﬁsﬂlf“ﬁeo 8?‘??%@%?&? ?Fs@eadcfgéﬁ BUYRROEY a

singl e conmponent. kéncelldrl128lgs0erites thizpaviesnt estitate Jrvoesserstigpsodescri bed
herein can be enboq{lgqn éqth(?gw;lng@wﬁmh hd:l e?en%lagﬁééwgﬂr*@ ané[%"lls the present
i nvention or portions t'fhereo nay be I nplemented by apparatus’ for

perform ng the operations herein. This apparatus may be specially

const r uct{eezr @:@mg@mse@ e el a%l%p@@ﬂiohs‘é%bﬁdéﬂeﬁl&@% ipptiei pf£grated circuits

ASI Cs) ar_ Fi ble Gate of ,an ASIC, as
g part)of UEp fof BEC??E%@B CORE gé%lsgprg%%rreélpplb té&%ﬁ%%}%@t@% alb| ectivel y
acti vat edhar, ta e ewfingtipreldodyy1 22. ddwpalg blogk dg# detn it edntonedanpgrpmbier
readabl e (Rdikmuthat afa) Q@th@@éfo@&%@%caﬁd* @gﬁﬁ%ﬂgﬂlﬁ mttﬂeencﬁ%%é?lr p Such a

conput er programma be Sstored in a conp orage nedi um such
as, but i'€VRgEnPEMRMRY tis, e%ﬂ&@tw@nwﬁw‘dhwgwéﬂ isr‘i}ﬁlaw%i?ptga‘d%ks opti cal
di Sks, Cl: dralVBipplieigo el sonopitios 8lock il 3K sre alig@d-igfhi. menori es (ROMs), random
access nenories (RAMs), EPROMs, EEPROMs, magnetic or optical cards, or any
type of nedia suitable for storing electronic instructions, and or coupl ed
to a conpbi®d s¥kasemomion biagk tl A2 detormainest hd ffonendrdisvetedler ddbmddi n t he

speci fi C@bh@meﬂmgnmmgplaﬁdﬂﬁfateaﬂnhm 881 RLE PLOGRRRALe RihdPEei TPl emented in
capabi |1 5 ARy e G hosees G U edene coba oo o

i nt ended ftaibbek lobp hat matiinizes SHt Awebrdinghy, thagtimefe dfie so@prdefgntibe

I nventione,.e ﬁg %Pr S\Ng’atm }eﬁloQ/L@hgx%qhé §0111l;1n?d6‘e§9{\§edes, r%nraf’élﬁs‘i”%' ng one or nore

i nband si ma recel ved isIrng: 3a
recei ver WW&%C@ peldhy adapgve pejpratancdiist canrs updetsd asu@@m 4®§1lwﬁmﬁm®at i on

si gnal a@dclOJLﬁh@LMSQﬁ%tltéﬂ\é\ﬁfhbl%cbdaﬁbtmé% riffirgnal s; and 5a signal processor
that processes the received signa orman estimate of 6the desired

comuni cation signal and an estimate of the inband signals and 7t hereby
renoves t0@34gst Finet Bl *¢fis arhestinnizarf® 1sihgm dlcsclhti@nhiphetween 8il ved S$Hgaal |,

wherei n tRey5l.gbahs Riggessor forms the estimte of the desired

conmmruni cation 9carrier signal and the estimate of the inband signals

wi t hout prior know edge of tocharacteristics of the inband signals and

w t hout chtakFling: a(@opyorof) any of the inband signals fromany source other
than the received signal.

From the block diagram we can then derive that

S2%% = (51 4+ 82) — S1** (equation 6)

This can be simplified as follows by substituting equation 5
S2*¥* =81 +82—-S1—-¢8 =S2-¢ (equation 7)

[0035] From equations 5 and 7 we see that the received signal S1+S2 has been

separated into estimates S1** and S2** and that the fidelity of the separation is indicated

8



2. The system according to claim 1, wherein the signal processor fornms the
estimate of the desired communi cation signal and the estimte of the inband
3si gnal s wei2ng/w8d3¢ t he recei ved signal as input. 3. ThecIyst@moasssdr di ng
to claim1, wherein the signal processor forns the estimte of the desired
comuni cation signal by denodul ating the received signal 3to forma

denodul at ed signal and by renodul ating the denodul ated signal to form 4the
estimate of the desired comruni cation signal. 4. The system according to
claim 3, wherein the power of the desired received 2comuni cation signal is
greater tlyahe tihe cad@reefat.e cogesiedcpowergef thehiacludsantd 8disgral s and t he

si gnal prc%%ﬁ’rﬁ%%aﬂ%ﬁi@na’l hgd Qﬁ@&tﬁ&e RAVEL e Pinb bl SRS it R cASQMIRGat | On
signal to lock to the desired cormucg‘ll cation signal to forriri?t he 5denodul at ed

si gnal . ghe qﬂﬁ@ﬂé%tl@ﬁdétg@&sd}%@n%e P erecsirErel aadpg thydeHsts e
cancel | atsignal availgee fc@rfmﬁdn ase. thwligshilabereofovehmbaeskdigrets cosapuniatat i on
si gnal tov‘;f?ar;lnttopﬁj %mate of the one or nore inband signals and to
renove the es he 4i nband signals fromthe received signal. 6.
The system accordi ng to claim1l, wherein the signal processor at |east

2t enpor arfphsk) st PLEeS 24l Qafa&ésgpstéﬁq b0 eor@eRIVEMHIPreRMiIn HMEIMguSadtdnPr ocessi ng
of the

signal in accordance with an embodiment of the present invention. An example of such a

communication system 200 includes a satellite 202 that transmits a signal 204 that is then

received by a satellite dish 206. The communication system 200 may include equipment

other than the satellite 202 and the satellite dish 206; for example, the communication

system may include, but is not limited to, a radio transmitter, a cable transmitter, a cell

tower, a microwave transmitter, an optical transmitter; an antenna, a microwave dish, or

an optical receiver. The present invention is applicable to any communication system

that communicates a communication signal from a transmitter to a receiver, regardless of

the medium or the communication signal frequency.

[0037] A signal 208 which includes a desired communication signal and unwanted
signals is received by a receiver 210. From the receiver 210, a signal 212 is passed to a
signal processor 214 which includes an unwanted signal remover 216 (which can be
identical to the signal remover 100 in Figure 1). The signal processor 214 may perform
signal processing on the signal in addition to the processing by the unwanted signal
remover 216 though this is not necessary. For example, the signal processor 214 may
perform preprocessing on the received signal prior to its being processed by the remover
216. A signal 218 output from the signal processor 214 is an estimate of the desired
communication signal S1 (which is referred to herein above as the signal S1#%). Another
signal 220 may be output from the remover 216 and signal processor 214. This signal
220 corresponds to the error signal S2** which as discussed above is an estimate of

signal S2. The signal 220 may include noise, interference or other unwanted signals.

[0038]  Either or both of the signals 218 and 220 may be provided to a computer system
display so that they can be viewed or input to other equipment that makes use of the
output signals 218 and/or 220, such as communications modems. For example, the
signals 218 and/or 220 can be processed to determine, and to possibly also display, their
properties, such as spectral properties (e.g. their frequency spectrum) or communication

parameters (e.g. center frequency or encoding scheme). Therefore, as a further example,

9



3received signal. 7. The system according to claim1, further conprising
processing the estinmate of the one or nore inband signals to determ ne
their promperntiesse38. The system according to claim?7, fecrhseoioosysss sing

di splaying the properties of the one or nore inband signals. 9. The system
according to claim1l1, wherein the desired comunication signal is 2a first
desi red communi cati on signal and the one or nore inband signals conprise 3a
second desired comruni cation signal that overlaps the first desired
4comuni cation signal in both frequency and tinme and wherein the estinmate
of the 5itlhe frasth Fl0ganbs usedripditsesnd axteast inprafeecnot siphpds He dwrigrenss pf ed

comuni cafdn@NnshitRRab. FhCHRYhlSihdis S18 #2889 riew: 8%ée§‘sgmm cation
signals are both [ecov§%ed 7fronh Ee recelvgﬁﬁikgnal. 10. Tﬁgwf stem

accor di ngletegniwe A spectiph Brogriiics [aich duy kg At § Sirceny is afirst
desired clhwewutpuceiiadi? 1S ghialo ang atshée otoecdon compeer ddanoragt fpnddta udeonpri se
two or nore additional desired comrunication signals that overlap the

4f irst desired comm mcation signal in both frequency and tinme and wherein
t he Sestilpdtd¢ ofharmecivnaldpndhibe sigh-Nbeaseros £ ihar saghdmpkggnisidwally processed
tor efov ehrdReACH@fts MBmbyBIs@mchiE el asdidivanathat@sirs e d: eMTaWBiLatifon

si gnal s.

the hardware. While the received signal is being processed by the signal remover 216, at
least portions or components of the signal that are being actively processed are at least
temporarily stored in the hardware circuitry that performs the signal processing steps.
Additionally, the symbol map discussed herein may also be at least temporarily stored in

the hardware.

Example 1 — S2 as Random Noise

[0040]  In one formulation of the invention, consider S1 to be the desired
communications carrier signal and S2 to be uncorrelated random noise received with the
signal. If we follow this scenario through the block diagram we will end up with the

following from equations 5 and 7

S1#¥% =81 +¢

S2%% = S2 +¢

[0041] In this case, however, S2 is random noise. If we replace S2 with the notation

N, we get the following

N** =N+¢g (equation 8)

[0042]  If ¢ is smaller than N, then we have effectively improved the received carrier-
to-noise ratio of S1. From the block diagram, the input is S1 + N. which would have a
carrier-to-noise ratio of SI/N. From equation 5, the system's output signal is S1 + &,

resulting in the following cause and effect:

If € <N, then S1/e > S1/N (equation 9)

10



11. A systemfor renoving one or nore inband signals ftoma received signa
2conprising: 3a receiver that receives a signal that includes a desired
comuni cavoanisBgaal and one or nore unwanted i nband sipgmaisggiomaszisba
signal processor that processes the received signal by: denodul ating the
6recei ved signal to forma denodul ated signal; renodul ating the denodul at ed
7signal to forman estimted signal, the estimated signal being an estimte
of the 8desired comuni cation signal; and perform ng adaptive noise
cancel | ation on the 9estimated signal to forma revised estimte of the
desired ¢oOMRAIni Tati wpaginghate stotntthancceed paitier-ofnaiseatimbpaigesi gnal s. 12
The syst @n‘ﬁ?%@@.f Hh@1bRine Bl shophestlific thenfebehdv ik mbakiohlagn pecei ved
2power of e desired communi cati on %égnal i s greater. than thq;aggregate
recei ved “SHOWEFIIH PREOVEMSANYG U REY CARUEELOPHES BHGRAR CHPBURSERH {0 Tock to
t he desi réghacommuni cation signal. 13. The system according to claim11,
wherein said denodul ating i s perforned

[0044] Figure 3 shows a constellation diagram of a received QPSK communications

carrier signal with a received carrier-to-noise ratio of approximately 17 dB. Thus, Figure

3 shows a received signal which can be represented as S1 + N. Figure 4 shows a

constellation display of the output signal, S + ¢, after running this signal though the

processing steps of this invention. The output signal can be represented as S1** where

S1** =81 +¢. Qualitatively, it is easy to see that the receive performance has been

improved. In this particular case, € is 7 dB smaller than N, and therefore the received

carrier-to-noise ratio was improved to 24 dB. For this particular example, S1 does not

include any forward error correction information and therefore the demonstrated

cancellation gain is somewhat conservative.

Example 2 — 52 as an Unwanted Interfering Signal

[0045] In a second formulation of this invention, consider S1 to be our encoded
communications carrier signal and S2 to be an unwanted interference signal. From the
input, we know that the received carrier-to-noise ratio of S1 will be limited by the
interfering signal S2 and will be no better than S1/S2. From equation 5, we know that

after the cancellation process,
SI*¥*=81+¢

[0046] To illustrate the invention under this scenario, we have used the same
communications carrier signal S1 which was used in Example 1(a QPSK carrier with a
baseline performance of 17 dB ~ without S2 present). For S2, we have injected an
interferer which is a communications carrier that is also QPSK. S2 has a bandwidth that
1s similar to ST and is fully overlapping in frequency with S1. The total power of carrier

S1 is greater than the total power of the interfering signal S2.

[0047] Figures 5 and 6 show the received performance of S1 before and after running
through the system. More specifically, Figure 5 illustrates the receive performance of S1

with S2 present. Figure 5 illustrates the receive performance of S1 after S2 has been
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2by an adaptive equalizer. 14. The system according to claim1l1l, wherein
sai d denodul ating is perfornmed by a matched filter. 15. The system

accor di ngvoaotllmsess 11, wherein the desired conmuni cati oRrCTiugea/ 02388z | udes
forward error correction information and the signal processor perforns
3forward error correction on the estimte of the desired comunication

signal. 16. The system according to claim 11, further conprising
re-sanpling the estimte of the desired comrunication signal to match a
sanpling rate of the 3desired comrunication signal. 17. The

syst em ageopdidngingdhie liwicntias, Thewurve s Sed At bastentgsqpeadras S hyhpel S&* 2shapi ng

on the estgmmate thutfR/Ql? ideshied scOMPURifGalahingr@Ralent. 18ndel Hes S¥SLRM
accordlgg to cl

wherei n said adaptive nqise.ca ceéjg%
Sper for i By R P YR B LuTORCR VB Whardt WHTRE: Sa8bMeve noi se
cancel | erbadflior nsscancatingthatsthgdedrgdatitieoed Ir dre tsiSgas albvestiget hengstelyrat e of
the one ?ﬁad@zﬁ@d 4#0’9%5‘99451‘%@%@% %oes]a%t &ﬂ%e%ﬁ%?&%&ﬁ&%‘i dinghe claim1l,

wher ei n e one or nore | rise random noi se. 20. The
systen1ad@@ﬂﬁﬂﬁ@~ﬁ%ﬁ%ﬁ§WWﬁfTOTWHB¥éPm1@?&@?ﬂ%¥@ﬁdm%?%mﬂﬁﬁéﬁﬂ“@P@ﬁals
conpri seyeahed Bi@f.f eri ng signal having a source that is independent from
that of 3the desired conmunication signal

Example 3 — S2 as another Communications Carrier

[0048] In a third formulation of this invention, consider both S1 and S2 to be planned
communications carriers. From equation 5 and 7 we know that S1 and S2 will be

separated and output as follows.

Si*% =81 +¢

S2%# =82 + ¢

[0049]  Under this scenario, S1 and S2 are both communication signals that are
overlapping in both frequency and time. Both are desired communication signals in their
own right. However, each also appears to be an unwanted interferer to the other (as in
Example 2). In practice, by transmitting S1 and S2 this way, an improvement in capacity
can be gained. For example, consider the previous example where two QPSK carriers are
transmitting in the same bandwidth. If S1 and S2 are separated to within an acceptable
error, €, then twice the amount of information can be transmitted over the same channel.

In essence, the capacity of the channel is doubled by this invention.

[0050] In the case where the invention is being used to improve channel capacity, the
separation process described herein can be run recursively to separate more than two
carriers. For example, assume that S2 represents two distinct communications signals.
After the first pass of signal separation, the output would be as in equation 7. If this
output is then fed back imto the input of the block diagram shown in Figure 1 (which may
be performed by the same hardware or by duplicate hardware), this process can be
repeated to separate S2 into the two distinct signals. Thus, this invention can be used to
recursively separate multiple desired communication signals that are overlapping in
frequency and time. When applied this way, the invention can improve the channel

capacity for a given modulation scheme as shown in equation 4.

12



21. The system according to claim 20, further conprising processing the
2interfering signal to determne its properties. 122. The system accordi ng
to cl ai mR0,20fuesdser conpri sing di spl ayi ng the 9propert iPe3/uskomlossss3
interfering signal. 123. The system according to claim 21, wherein the
properties of the interfering 2signal conprise spectral properties. 24. The
system according to claim?21, wherein the properties of the interfering

2si gnal conprise comuni cation paraneters. 25. The system according to
claim1l, wherein the desired conmunication signal is a first desired
comuni cation signal and the one or nore inband signals 3conprise a second

desired n'mtd'e%pﬁblg Avetiatay pdrans dfhgbbdinehts4¢ HEMYnGas khen si gnal
wherei.n the tim nd signals

in both frequenc 0

conpri se& n@@@yﬂgF%“:?S¥W8°g@58ﬁﬁnﬂ€§ﬂF &F ﬁﬁﬂﬁ?@ﬁ@?%%ﬂQ?£Wé © 6t her eby

t he firsﬁdamﬂtaeﬂmnﬁuﬂaﬁwnaﬂtm@naumu$aﬂw0nmsugmamésameobdmhnwmﬁowered 7f rom
the r ecelal\{c?g)aﬂhg 1‘111(%611%37 g'eiepr%é’tgcteg @tﬁ&%r of@ndn Cﬁh%ﬁggténll dedRGELI N the

desired conmuni ca |rs esire ni cation signal and
t he one &freHoRney lpq'mmlmn@“[ \341 g combination of hardware and software or entirely in

hardware elements. Also, the particular division of functionality between the various
system components described herein is merely exemplary. Thus, the methods and
operations presented herein are not inherently related to any particular computer or other
apparatus. Functions performed by a single system component may instead be performed
by multiple components, and functions performed by multiple components may instead
performed by a single component. It will also be apparent that process steps described
herein can be embodied in software, firmware or hardware. Thus, the present invention
or portions thereof may be implemented by apparatus for performing the operations
herein. This apparatus may be specially constructed or configured, such as application
specific integrated circuits (ASICs) or Field Programmable Gate Arrays (FPGAs), as a
part of an ASIC, as a part of FPGA, or it may comprise a general-purpose computer
selectively activated or reconfigured by a computer program stored on a computer
readable medium that can be accessed and executed by the computer. Such a computer
program may be stored in a computer readable storage medium, such as, but is not
limited to, any type of disk including floppy disks, optical disks, CD-ROMs, magnetic-
optical disks, read-only memories (ROMs), random access memories (RAMs), EPROMs,
EEPROMSs, magnetic or optical cards, or any type of media suitable for storing electronic
instructions, and or coupled to a computer system bus. Furthermore, the methods
described in the specification may be implemented by a single processor or be
implemented in architectures employing multiple processor designs for increased
computing capability. Accordingly, the disclosure of the present invention is intended to

be illustrative, but not limiting, of the scope of the invention.
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3conprise two or nore additional desired communication signals that overlap
the 4first comunication signal in both frequency and tine and wherein the
esti mat e Wofwotiesanae or nore i nband signals is recursivecy/yscaonsses to
recover each of the 6two or nore additional desired conumm cation signals.
27. A nethod of renoving one or nore inband signals froma received
2comuni cation signal conprising: 3obtaining a received conmuni cation
signal, the received conmunication 4signal including a desired

conmmruni cation signal and one or nore inband signals; 5and 6processing the
recei ved conmuni cation signal usingCisisgnal processor to 7forman estimte
of the desired communi cation signal and an estimte of the 8inband signals
and to thereby renmove the estimte of the inband signals fromthe 9received
connunicéVP%ﬁS@ﬁ@ﬁ€P$ wherein the signal processor forns the estinmate

of the desired comuni cation signal and the estimate of the inband signals

11w t hout priqr knogﬂe% e of .characteris i%fi%%l%?%n%?&%ﬂ%dSignals and
wi thout WO 2011) DBBESEPCHISTTS 0 8REp R et sidhals 15

2 communication signal comprising:

3 a receiver that receives a signal that includes a desired communication

4 signal and one or more unwanted inband signals; and

5 a signal processor that processes the received signal to form an estimate of
6 the desired communication signal and an estimate of the inband signals and

7 thereby removes the estimate of the inband signals from the received signal,

8 wherein the signal processor forms the estimate of the desired communication

9 carrier signal and the estimate of the inband signals without prior knowledge of
10 characteristics of the inband signals and without obtaining a copy of any of the
11 inband signals from any source other than the received signal.

1 2. The system according to claim 1, wherein the signal processor forms the

2 estimate of the desired communication signal and the estimate of the imband

3 signals using only the rececived signal as input.

1 3. The system according to claim 1, wherein the signal processor forms the

2 estimate of the desired communication signal by demodulating the received signal
3 to form a demodulated signal and by remodulating the demodulated signal to form
4 the estimate of the desired communication signal.

| 4. The system according to claim 3, wherein the power of the desired received

2 communication signal is greater than the aggregate received power of the inband

3 signals and the signal processer uses the greater power of the desired

4 communication signal to lock to the desired communication signal to form the

5 demodulated signal.

] 5. The system according to claim 1, wherein adaptive noise cancellation is

2 performed on the estimate of the desired communication signal to form the

3 estimate of the one or more inband signals and to remove the estimate of the

4 mband signals {rom the received signal.
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12obt ai ning a copy of any of the inband signals fromany source other than
the 13received signal. 28. A nethod of renobving one or nore inband signals
from a reweizead6®36nTTuni cati on signal conprising: 3obtaPoirng2@onesses ved
conmuni cation signal, the received communication 4signal including a
desired comuni cation signal and one or nore inband signals; 5and
6processing the received signal using a signal processor, wherein said
7processi ng conprises: denodul ating the received signal to forma
denodul at ed 8signal; renodul ating the denodul ated signal to form an

esti mat ed si grial ThetshgerBastardmg édclsirghatheben thg sanalgsbicnat et lofistt he desired
comruni cati on ,si - 1 . I 10) at g on the
estingted sigﬁéPg?%ﬂ?S?ﬂgghﬁggéiggﬂ%igg??ﬁg%gxg?ag%gﬁieggfggfégﬁﬁunication
si gnal3, wher ei’fc%i¥fé si¥ghal processor at 12l east tenporarily stores at |east
a portion of the received signal during said i 3processing. 29. A system

for r §oving Of?efh%rsysme)rgl%céo%)lg‘g go cﬁ‘!&iglnﬁlfgﬁﬁerr %@mﬁrisril?gcgrloge%gng the estimate of

2 the one or more inband signals to determine their properties.

1 8. The system according to claim 7, further comprising displaying the properties
2 of the one or more inband signals.

1 9. The system according to claim 1, wherein the desired communication signal is
2 a first desired communication signal and the one or more inband signals comprise
3 a second desired communication signal that overlaps the first desired

4 communication signal in both frequency and time and wherein the estimate of the
5 in-band signals comprises an estimate of the second desired communication signal
6 thereby the first and second desired communication signals are both recovered

7 from the received signal.

1 10. The system according to claim 1, wherein the desired communication signal
2 is a first desired communication signal and the one or more inband signals

3 comprise two or more additional desired communication signals that overlap the
4 first desired communication signal in both frequency and time and wherein the

5 estimate of the one or more in-band signals is recursively processed to recover

6 each of the two or more additional desired communication signals.

I 11. A system for removing one or more inband signals from a received signal

2 comprising:

3 a receiver that receives a signal that includes a desired communication

4 signal and one or more unwanted inband signals; and

5 a signal processor that processes the received signal by: demodulating the
6 received signal to form a demodulated signal; remodulating the demodulated

7 signal to form an estimated signal, the estimated signal being an estimate of the

8 desired communication signal; and performing adaptive noise cancellation on the
9 estimated signal to form a revised estimate of the desired communication signal
10 and an estimate of the inband signals.
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2comuni cation signal conprising: 3nmeans for obtaining a received

conmmuni cation signal, the received 4communi cation signal including a

desi red cwormnimssdsson signal and one or nore 5i nband si goaltsoiangss8neans
for processing the received comunication signal to forman 7estinmate of

t he desired comuni cation signal and an estimate of the inband signals and
to thereby renove the estinmate of the inband signals fromthe received
9communi cation signal, wherein the estimte of the desired comunication
signal and the estimte of the inband signals are formed w thout prior
know edge of dRafMaetwtdnstdeosling totcheemi Id bahe einithhednditmndhaniltetroteivedbt ai ni ng a
copy of any ofolbeoriRl ARARY cShONALAIHIUMAR RAIL IRRNSOUEG: dlicf System

for renmoving one or_nore inband signals receive onmuni cat i on

si gnalP conpri $OHE: oféh%@héné%gnaéba%?%bwb%@lpé@éﬁsm lenifihs €atsbn si gnal |
the received 4commttagat éigmulsi gnal i1 ncluding a desired communication S|gnal
and one or nore 5inband signals; and

1 13. The system according to claim 11, wherein said demodulating is performed

2 by an adaptive equalizer.

1 14. The system according to claim 11, wherein said demodulating is performed

2 by a matched filter.

1 15. The system according to claim 11, wherein the desired communication signal
2 includes forward error correction information and the signal processor performs

3 forward error correction on the estimate of the desired communication signal.

1 16. The system according to claim 11, further comprising re-sampling the

2 estimate of the desired communication signal to match a sampling rate of the

3 desired communication signal.

1 17. The system according to claim 16, further comprising performing pulse

2 shaping on the estimate of the desired communication signal.

1 18. The system according to claim 11, wherein said adaptive noise cancellation is
2 performed by an adaptive noise canceller and wherein the adaptive noise canceller
3 forms an error signal, the error signal being the estimate of the one or more

4 inband signals.

1 19. The system according to claim 11, wherein the one or more inband signals

2 comprise random noise.

] 20. The system according to claim 11, wherein the one or more inband signals

2 comprises an interfering signal having a source that is independent from that of
3 the desired communication signal.

1 21. The system according to claim 20, further comprising processing the

2 interfering signal to determine its properties.
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WD 2011/ 068636PCT/ US2010/ 055883 6neans for processing the received signal,

i ncludi ng: neans for 7denodul ating the received signal to forma

denodul atwo 2i1gwsd3s nmeans for 8renodul ati ng the denodul acearsseignaisss o f orm
an estimated signal, the estinmated 9signal being an estimate of the desired
communi cation signal; and neans for perform ng adaptive noi se cancel ation
on the estimated signal to forman output signal, the output signal being a
revised estimate of the desired comunication signal. 31. A conputer
readabl e nedi a having stored thereon conputer code which when executed by a
processor causes the processor to performa nmethod of 3renoving inband

signal;s fromagsr I 4n) I S e il rising:
50btaﬂning a ?%bgﬁgg ﬁgéﬁggﬁyg%%?%ﬁﬂgﬂgngﬂgh?ﬁgpgggg%gggmﬁg%ﬂﬁnication

6si gnadl i ncl udiapgties @bdr ¥ f@BHifrkat i on signal and one or nore inband
signals; 7and 8processing the received communi cation signal to form an
estimate of t esired comrunication sjgnal, and an estimte. of the inband
signgﬁs and tg§tﬁg?%%vﬂ 6%8%%@%05z%ngétWh%fgig?m?%%ﬂ?%%g%%mé?%Hg¥s fromthe
recei ved commagheaoipnissingnid! prapigdicei n t he signal processor forns the
estimate of the desired

1 24. The system according to claim 21, wherein the properties of the interfering
2 signal comprise communication parameters.
1 25. The system according to claim 11, wherein the desired communication signal

[

is a first desired communication signal and the one or more inband signals

L2

comprise a second desired communication signal that overlaps the first
communication signal in both frequency and time and wherein the estimate of the
inband signals comprises an estimate of the second desired communication signal

thereby the first and second desired communication signals are both recovered

-~ o B

from the received signal.

1 26. The system according to claim 11, wherein the desired communication signal
is a first desired communication signal and the one or more inband signals
comprise two or more additional desired communication signals that overlap the
first communication signal in both frequency and time and wherein the estimate

of the one or more inband signals is recursively processed to recover cach of the

o B L o

two or more additional desired communication signals.

1 27. A method of removing one or more inband signals from a received

b

communication signal comprising:

obtaining a received communication signal, the received communication
signal including a desired communication signal and one or more inband signals;
and

processing the received communication signal using a signal processor to
form an estimate of the desired communication signal and an estimate of the

inband signals and to thereby remove the estimate of the inband signals from the

el N "V, e

received communication signal, wherein the signal processor forms the estimate
10 of the desired communication signal and the estimate of the inband signals

11 without prior knowledge of characteristics of the inband signals and without

17



12comuni cati on signa

and the estimate of the inband signals w thout prior

13know edge of characteristics of the inband signals and w t hout obtaining
a copy ofwo4amnyoesd3ét he i nband signals from any source otrhemstéansishe

recei ved si gnal

132. A conputer readabl e nedia having stored thereon
conput er code whi ch when executed by a processor causes the processor to

performa nethod of 3renoving inband signals froma received comuni cati on
signal, the nethod 4conprising: 5obtaining a received conmuni cation signal

t he received conmuni cati on 6signa

i ncluding a desired comuni cations

si gnalk and onebemimgpr eopyrihamdoisthebhed siZemdré@proy exséarghdreanrtbeei ved si gna

by: dgnodul at

renodul ating t
nal being an estimate of a desired l1llcomuni cation signal;
perfonm ng adapt hvecthed seeaadniaglohatt morednbanieighZle sivhnmteedvai gna

estimated sig

out put, si gnal
conmuni cati on
3

4
g

6
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LRgivkhefgcei ved signal to 9form a denodul ated signal;
ﬂéldenggulated signal to forman 10esti mated si gnal

t he

and

to form an

t he %g%£y£g£ﬁ9&ﬁ%ﬂ§%g:ng a revised 13estimate of the desired

“grghy

obtaining a received communication signal, the received communication
signal including a desired communication signal and one or more inband signals;
and

processing the received signal using a signal processor, wherein said
processing comprises: demodulating the received signal to form a demodulated
signal; remodulating the demodulated signal to form an estimated signal, the
estimated signal being an estimate of the desired communication signal; and
performing adaptive noise cancelation on the estimated signal to form a revised
estimate of the desired communication signal, wherein the signal processor at
least temporarily stores at least a portion of the received signal during said

processing.

29. A system for removing one or more inband signals from a received
communication signal comprising:

means for obtaining a received communication signal, the received
communication signal including a desired communication signal and one or more
inband signals; and

means for processing the received communication signal to form an
estimate of the desired communication signal and an estimate of the inband
signals and to thereby remove the estimate of the inband signals from the received
communication signal, wherein the estimate of the desired communication signal
and the estimate of the inband signals are formed without prior knowledge of
characteristics of the inband signals and without obtaining a copy of any of the

inband signals from an external source.

30. A system for removing one or more inband signals from a received
communication signal comprising:

means for obtaining a received communication signal, the received
communication signal including a desired communication signal and one or more

inband signals; and
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means for processing the received signal, including: means for
demodulating the received signal to form a demodulated signal; means for
remodulating the demodulated signal to form an estimated signal, the estimated
signal being an estimate of the desired communication signal; and means for
performing adaptive noise cancelation on the estimated signal to form an output

signal, the output signal being a revised estimate of the desired communication

signal.

31. A computer readable media having stored thereon computer code which
when executed by a processor causes the processor to perform a method of
removing inband signals from a received communication signal, the method
comprising:

obtaining a received communication signal, the received communication
signal including a desired communication signal and one or more inband signals;
and

processing the received communication signal to form an estimate of the
desired communication signal and an estimate of the inband signals and to thereby
remove the estimate of the inband signals from the received communication
signal, wherein the signal processor forms the estimate of the desired
communication signal and the estimate of the inband signals without prior
knowledge of characteristics of the inband signals and without obtaining a copy of

any of the inband signals from any source other than the received signal.

32. A computer readable media having stored thereon computer code which
when executed by a processor causes the processor to perform a method of
removing inband signals from a received communication signal, the method
comprising:

obtaining a received communication signal, the received communication
signal including a desired communications signal and one or more inband signals;
and

processing the received signal by: demodulating the received signal to
form a demodulated signal; remodulating the demodulated signal to form an
estimated signal, the estimated signal being an estimate of a desired
communication signal; and performing adaptive noise cancellation on the
estimated signal to form an output signal, the output signal being a revised

estimate of the desired communication signal.
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