; e3e+$3%0 | (, +6b+T+r 1 MEO1-010 FULLY | NTEGRATED SELF- TUNE REJECTI ON
DOANCONVERSI ON SYSTEM BACKGROUND OF THE INVENTION 5 1 Fi el %’Mﬁ F Wm”"wnv
nverdtion The invention relates to a downconversi on syste

internedi ate frequency (IF) receivers, and nore particul arly t ¢Gogoz-
downconMe&di@t) system for low I F receivers with a high inmage rejection

ratio (IRR) of nore t use in_ana inteqrated 10 circuits
(10 o OULEViINTEGRATE D SCRE B NEDAMAGR R R T B BGOBRRE I

Wi rel ess communi cation and | C design technol ogy, w reI ess transcel ver
system desi gn and i npl enent ati on hasS¥XpEM enced great 15 evolutions. A
very high degree of integration, a | ow power consunption, and the use of a
| ower power supply are the goals set for the new devel opment in wrel ess
transcei ver design Although classically the heter odyne mul ti st age

i ntermedi ate frequency ('@\Cﬁ@l‘? gND S TEROAN\REN Rj?rqance in sensitivity

and selectivity, it needs a hig Image rejection Tilter working in high

% et a2 5 cyaerl s el ese 20 T iEAIITNY

M croel ectronl cs,, NJ: Prentice Hall, 1998. This corrponent has t 0 BB 504
external and p@@EOdeﬁéﬂY@H'O”A Zero-|F receiver can be fully integrated and
has no problemin | MEO1- 010 i mage rejection, but it has sone

di sadvartteaigesnircielates Bracidvwraonversmigstatichsethis low intermediate frequency

(IF) receivers, and more particularly to a downconversion system for low |IF receivers
with a high image rejection ratio (IRR) of more than 60dB for use in analog integrated

10 circuits (IC).

2. Description of the Related Art
With the rapid development of wireless communication and IC design technology,
wireless transceiver system design and implementation has experienced great
15 evolutions. A very high degree of integration, a low power consumption, and the use of
a lower power supply are the goals set for the new development in wireless transceiver
design Although classically the heterodyne multistage intermediate frequency (IF)
receiver has good performance in sensitivity and selectivity, it needs a high Q image
rejection filter working in high frequency, see J. Crols and M. Steyaert, CMOS Wireless
20  Transceiver Design, Kluwer Academic Publishers, 1997 and B. Razavi, RF -

Microelectronics, NJ:; Prentice Hall, 1998. This component has to be external and

power consumed. A Zero-IF receiver can be fully integrated and has no problem in



cross nodul ati on between RF and LO signal, see T H Lee, The Design of CMOS
Radi o- Frequency Integrated Circuits, U K Canbridge Univ. Press, 1998, the
J Crols and the B. Razavi articles referred to earlier. A promising

archit 'éﬁﬁés alowlF 5 receiver, which can be fully integrated by
errploy'ﬁ’ﬁ%f{sJ new t echni ques for inmage rejection, see the J. Crols article
referr, 0 et . I i i a f..Qoth the
I F andﬁggkgeﬁg%Pébéyvgﬁss%?M%Hﬁséc |§%§&%%§Hg%%§ﬁbér &rﬂéﬁﬁkﬂggcﬁépﬁ as_a
hi gh degree of .integration,_see the 10 Cral rticle referred to earlier,
ond 3 Cies rothelion Tasasadt 314 Siggre SeRi b 0o Terees PR caAPS ont - end
with a high performance | ow I F topol ogy," | EEE Journal of Solid State

G r cui Redioviolequaogy htﬁegrzrecmfrcm%?,iméambggge Usitd Rres€r 198, dmel J MCrols
Steyaert, "Low | F Topol ogies for high pertormance anal og front ends of 15
fully amd egy B! Rdza@ceeiioles seferreBEE ehrlrns ACpiopmsingrar€hitedtiiesis andwIyst ens- 1 |
Anal og and Digital Signal Processing, vol 45, no. 3, pp.269-282, 1998. The

maign i I i j iePbibvit - i i hi gh
g o b nchE R A HERREDY ehnbibying Pte AR i Tr T e P

RF si g@zgcﬁogoggé%g_%% éh%?f%g@tﬁgs”’&- Crols and M Steyaert, CMOS

Wreles ahscei ver Sl zavi articles referred to earlier It
is well known the frequency spacing between the desired RF signal and the
image signal is two tinmes the selected IF value. In the low I F receiver
ar chi tecturei the selected IF is |low and_thus the frequency spaci n? 2
| MEO1- Do laysifnergeivaicopines therpd\aniage obhethithe IF ragdecss Ynbgceivery df gan
narrow. If the image rejection is done after |ow noise anplifier but before
m xer sactieve fire gprodrpgdomenreast aowefliastahighi dagree of indeégrapon reeesingl on band i s
needed to separate the RF signal fromthe image signal in high frequency
QoMj oustls altitis rdfetrb@tto learieer angli fficult to inplement and
J. Crols and M. Steyaert, “A single-chip 900MHz CMOS receiver front-end with a high
performance low-iF topology,” IEEE Journal of Solid State Circuits, vol. 30,
no.12, pp. 1483-1492, 1995, and
J. Crols and M. Steyaert, “Low-IF Topologies for high performance analog front ends of
15 fully integrated receivers,” I[EEE Transactions on Circuits and Systems-Il: Analog
and Digital Signal Processing, vol 45, no. 3, pp.269-282, 1998.
The main problem of the low IF receiver is it is not easy to attain the high image
rejection with this architecture, i.e. to separate well the desired RF signal from the
image signal, see the J. Crols and M. Steyaert, CMOS Wireless Transceiver Design and
20 B Razavi articles referred to earlier It is well known the frequency spacing between

the desired RF signal and the image signal is two times the selected |F value. In the

low IF receiver architecture, the selected IF is low and thus the frequency spacing



5 comonly cannot be integrated. To overcone this problem it is necessary
to postpone the inage rejection to a stage which is |ocated after the
downconversion m xers, and then the separation of the desired signal and

i mge signal can be done in the low IF band. 10 Generally speaking, there
are twyeyhegs for image rejection in a lowlF receiver. One is to follow
the quadrature mxers with a conplex filter or a polyphase filter) see the
J. Crolbetweeh We G sirsreRF,sigidDandithelirmage Signzs meierghabesi. gif ties hade referred

to earlier, and F. Behbahani et al., "A 2.4 Giz lowIF receiver for
wi debangcWidiNid dorkl StEn ISNRi8E aRigia6! blitoetBeb fix@nd -£AjN'QlilEEeteldcn8h of
State Circuits, vol. 35, no. 12, pp. 15 1908-1915, 2000. After

downcon Wel ; i i i i gnal
W paMER RISy shaR R e Bt b Goaig AR FGHe] Sl Hhate
respectivel | ex filter has only a.positjye negative frequency
basobaret nEeBr g ERey o CherinRoints] i YryisitiSiPlo MgHeMepE and i <

central frequency) and thus can_be used to pass the desired |F signal and
rej &ct conemphigannet ke gragraded t he ayareonne S pseldemoitihsecessesy & ppetpese
referred to earlier. J Crols and M Steyaert, "CMOS Wrel ess Transcei ver
Desi gn'the 8magé Mi8atdHL D d stageolvbicanslddatest affercthe doWhceonngistorcimixer80aMdHz CMOS
receiver front-end with a high perfornmance | owIF topology," and J. Crols

and M tRbeyaesdparatioof theT@pleeiigsallpid it Hghdlvamanceosdd 0@ bhapt ends
of fully integrated receivers”. 5 Simlarly, a polyphase filter has only a

st opbarghjgn the negative or positive IF band and thus can be used to 'trap’
the image I F signal and pass the desired signal, see the F. Behbahani
article referred to earlier The other nmethod is to use an inmage rejection
m xer for image rejection. The Hartley architecture and Weaver architecture

are two_kinds of typical image rejectjon mxers, see the B. Razayi article
refl8rr e(aerﬂqfa@ép;pq;%l?mg,ﬁﬁgre are two methods for image rejection in a low [F receiver. One

is to follow the quadrature mixers with a complex filter or a polyphase filter, see the J.
Crols and M. Steyaert, CMOS Wireless Transceiver Design article referred to earlier,
and F. Behbahani et al., “A 2.4 GHz low-IF receiver for wideband WLAN in 0.6um
CMOS-architecture and front-end,” IEEE Journal of State Circuits, vol. 35, no. 12, pp.
15 1908-1915, 2000. After downconversion by the quadrature mixers, the RF signal and
the image signal will be shifted into the symmetrical positive and negative IF band,

respectively A complex filter has only a positive or negative frequency passband

transfer function (selectivity) (with + 7, or - f, as its central frequency) and thus can be

used to pass the desired IF signal and reject the image IF signal at the same time, see
20 the three articles referred to earlier.

J Crols and M. Steyaert, “CMOS Wireless Transceiver Design”,



10 idea of inmage rejection mxers is to process the signal and the inage
differently, and cancel the inmage by its negated replica. This distinction
bet ween the signal and the imge i s possible because the two lie on
different sides of LO frequency, and thus phase transformation can be

expl or g¢dEDO-0i@ncel the image signal only. 15 Unfortunately, the inmage
rejection ratio (IRR) provided by either of the above nethods is very

sensi t Yveralpand Ml.rStenaeth'Posingletdvp BEOMit2CIMOS raceiversitortse! with tehiwigh .

Crols and M Steyaert, "CMOS Wrel ess Transcei ver Design", B. Razavi, and
J. CGrols angeMbrnfmyeaont IF toPofighglatdchi p 900MHz CMOS recei ver front-end
with a high performance |ow | F topol ogy," articles referred to earlier. The

i deal iJ.”EIQ(?F gﬁhq\ﬁ.téLt%?aQﬂ,' ‘SLoP\ﬁﬁﬁ‘?Géolb ies8 @Q%rﬁw%%efaﬂglo:@hhﬁéﬁseﬂs df Q

rR
| ocal osc tor ( signals keep exact 90~difference an e gains of 1/Q

m xers are ﬁﬂ@/%t@ﬁrﬁ%&"@f@éi Qv However, it is inpossible to attain this
ch’ng ©n

perfect mat urrént anal og | C desi gn process. The phase m snmatch

between. 4. I MEO1-010 the LOs and the gain nismatch between t m xers are
bt A GO TSR R RS o2 SRRHRECBT)S SEHSING GePesiienioatn Shd ches
and the inmage rejection performance wil|l degrade greatly even with a small
amount tifs eanshatsed o tewetie mavirdé $iges! and passthe desgeg signad- srenthel & doubl e
conversi on CMOS receiver for cordless tel ephone 5 applications,” |EEE

Jour nalBebbhaBenii aitiGe aéfer@drtowgarlierol The3@henmeti@q ispp. us20ariima@d8Jecticd97. For
exanple, using a 4th order Butterworth conplex filter for inmage rejection,

when nedixénior FhagatejectR. STise Hartldy £echsctandand YesSier bhchileBRireate dvbai n
over 77dB. While with only 1 phase m snmatch of LGOs, | RR goes down to 40dB.

Wih 29001 B IO Pk R gRRs BRI ARE IR & abRse Thp

m smatch o aln msmatch of m xers,
can

Due . to.this,. .h |y inpl ted,| | F. i) I

a1 181 O SO MBS PR URE IS to BIGCo N BB plor Rhapt (hi rea O et B Al i ng
and tuning techniques, see C. C Chun_and C. H Chia, "On the architecture
and percPBERERR dNage RY yHiaodtetrplics ejToi dishnsticndrstween thegignal and the

image is possible because the two lie on different sides of LO frequency, and thus

phase transformation can be explored to cancel the image signal only.

15  Unfortunately, the image rejection ratio (IRR) provided by either of the above methods is
very sensitive to I/Q mismatch of a low IF receiver, as discussed in the J. Crols and M.
Steyaert, "CMOS Wireless Transceiver Design”, B. Razavi, and J. Crols and M.
Steyaert, “A single-chip 900MHz CMOS receiver front-end with a high performance low-
IF topology,” articles referred to earlier. The ideal image rejection only happens in the

20 case that the phases of I/Q local oscillator (LO) signals keep exact 90° difference and

the gains of I/Q mixers are exactly equivalent. However, it is impossible to attain this

perfect matching in current analog IC design process. The phase mismatch between



Journal on Seclected Areas in Communications, vol. 19, no. 6, pp.

.1029- 1040, 2001. 15 So how nuch image rejection is adequate I n nost RF
-applications and by using the low I F architecture, the inmage signal can be
60dB | arger than the desired RF signal so that the overall |IRR nust be
aroundpffh1.01@0dB, see the B. Razavi article referred to earlier. The

mat chi ng requi renments have put a big challenge to this topology. 20 In the
| i t er aherld)s ard theapainenisotaich debvérrethepniness ate inevitatpe odoreimpbRENDY, | ow | F
receivers. One is to convert the low IF signal into the baseband signal by

enpl oyihad RPeigdRa Serisiilatsirgse meeidteiad and thenimlag@ réjcefish prieanalee will
cancel l ed and 5 | MEO1-010 conpensated through various digital signal

procesgd dé@ﬁ%ﬁé%cﬁﬁh%iQ@w%%nﬁ%@bf‘misﬁﬁ&ch&s,%‘éea ¢ Wuddn angl grove, A

novel adapti cancell ation systemfor quadrature |IF radio

Recei v O EEE Transaction i its. S -1 .. anal og and

b1 g1 ¢ 2 e AR S aLa bl o8 Re CHESS kB T TBTE 1963 Valkam,
and M 5 Renfors, _"Advanced DSP for 1/0O inbal ance conpensation in a lowlF
el vaRDICabes’ I JPHTE 4SO e & En gl 34 AP 40T oTsOul . 2
pp. 768-772, and M Val kama, M Renfors, and V. Koivunen) "Advanced nethods
for |/ @9hbhbaexamplenpeinga # orrder Butarwertbaonmex tltssifoeinzage rafigetion,
Transactions on Signal Processing, vol. 49, no. 10, pp. 2335-2344, 2001.

H gh | WRecaot bey atismatubdeXiSI8-f60HB)Ldsudnd mixerosthe 1IRRaswh attaiploer 7ydBf thi s
kind of method is also significantly increased due to the using of DSP. An

i nteresting doubl ecquadrat ure m xer pl compl ex fil itecture is

pr opos%’”ﬁg{'ﬂ%oﬁly béj?assearms 'ﬂ/?t%htoigrgggr WR"gﬁrgpiq%ﬁY %iocw@'g%mﬁ’m
receiver front end with a high performance |owIF topology," article

r ef er r pisrhatcBafInhiRérs, YRR GJoesafovat i 89¢B pUvige 28gtusacyisaiatdrestLédand 093
degree Although it is a powerful way to 15 overcone the sensitivity of IRR

o e oo P ; Y Uit
tgl(g ngﬁfélp{mﬁﬁﬁét&ho{ g‘fﬁe?rlé,'ldR 4868 dBRh 8B tHEe ﬁ%ﬁ@&r@ﬁ&?&ﬁg Lvity

_ e msmat cl mage~rej ecti on m xer an ter are used
for | nPngﬁeﬁw%'n?é:c} [ %CQ§GE@ER@tCBH attain 30-40dB image rejection ratio except

adopting some complex trimming and tuning techniques, see C. C Chun and C. H.

Chia, “On the architecture and performance of a hybrid image rejection receiver,” I[EEE
Journal on Seclected Areas in Communications, vol. 19, no. 6, pp. 1029-1040, 2001.
15  So how much image rejection is adequate? In most RF applications and by using the
low IF architecture, the image signal can be 60dB larger than the desired RF signal so
that the overall IRR must be around 60 to 70dB, see the B. Razavi article referred to

earlier. The matching requirements have put a big challenge to this topology.

20 In the literature, several methods have been proposed to improve the IRR of low IF
receivers. One is to convert the low IF signal into the baseband signal by employing

bandpass delta-sigma modulator, then I/Q mismatch can be cancelled and



6,127,962 (Martinson), "lnmage rejection mxer" and US Patent 6,226,509
(Mle et al.), 20 "Image rejection mxer, circuit, and nethod for inmage
refection”, but no tuning schenme is introduced to inprove the image
rejection ratio in these two inventions. Quadrature m xers are used for
i mage MMESILOEh in US Patent 5,937,341 (Suominen), "Sinplified ,. 6

| MEO1- 010 high, f uency tuner, and .tuni ng nethod." The phas i smat ch and
ool 1 GoR R Rated BTt aratdoRAr e PiedR deegp et B GaRakA R B spe
oscillator and fine-tuning is perforned in near baseband passband after an
Al D conyusarshVV. Addbnelgiue, cdmovekadaptivasnisawich penesdlated shstensfaig baseband
signal conpensation nethod. A fully 5 integrated inmge rejection m xer was
i nvent epiadnatU® FPataelid RBc8iverh7EARTparesacdibnaln)Circuitstaegt 8ystdmisrgmaiey ect

m xer." To maintain an accurate ninety degree phase difference between the

quadr atdheDftasSgial Procdsbgs foldatesd @, dreedbasdd, 1ogp, Ms \RIRAneY ashd 1.
control the matching between the LO phase shifting network and | F phase

shi kti WK K. ¢ i QAN S L EY i mge
Frequency o Totestal 4 BBt dFth g oG o OE 2Bbt O
provid i e fre cy. rejectian.” Th ircuit,incl n.N-path filter
N Oh ¢ dnEG B pelrE e aDhE POl U 208 P28 oop 1o

di spl ace the central frequency of N-path filter fromthe |ocal oscillator

f r equenckama. Mriipofers; aed Vi Fahaeny dhdvancedvasiheds for (58 iPkeances, 137, 999
(Lovel ace et al.), "lInmage reject transceiver and nethod of rejecting an

i mage" compermationrnn peoviutecaisthreshivees, atlicE g diransadiiass wontignahaoce ssisgs
unwant ed i mages to be rejected. Both a phase detector circuit and an

anpl i t ude Arect®rppc2868iA34a; 2003 eHigioIRRcaatbd ditaihé(50-F0dBY bestheigeti r of
doubl e bal anced m xers are enployed in an integrated IF receiver for inmage

rejigcti } o R , I i inare { jexer
LIS bR it PRobl e s gl inaeh 89,5000 LRy

e shi circuit enploys a
hi i, eart A BRI b e AR D B B R S s R e O
B 04Ut 00 wal LoD, B BLAP 18,5 VRGNS ohlb SOHE iR RYenE ik S
end with a high performance low-IF topology,” article referred to earlier, which can
achieve phase accuracy of less than 0.3 degree Although it is a powerful way to

15 overcome the sensitivity of IRR to phase mismatch, it still does not solve the problem of

IRR sensitivity to amplitude mismatch.

Image rejection mixer and polyphase filter are used for image rejection in US Patent

6,127,962 (Martinson), “Image rejection mixer” and US Patent 6,226,509 (Mole et al.),
20  “Image rejection mixer, circuit, and method for image rejection”, but no tuning scheme is

introduced to improve the image rejection ratio in these two inventions. Quadrature

mixers are used for image rejection in US Patent 5,937,341 (Suominen), “Simplified

.
\
AN
\



| MEO1- 010 5, 140,198, to elimnate the phase m smatch between quadrature

m xers, adjustable phase shifters have to be used which inevitably increase
the conplexity of conpensation and al so decrease the conpensation
precision. Atime-shared I-Q m xer systemis invented in US Patent

5,974, 3EqiHormak et al.), "Time-share I1-Q m xer 5 systemw th distribution
swtch feeding in phase and quadrature polarity inverters" for canceling

t he i ndygh fiegneancy tuner aot ddeinganativot! ChThs phabé ynismatcr and amplierdecesorsand

cl ock generator. The switch assenbly generates and distributes pul ses which

ensure érB%oWebf&ﬂt%P@%H ¥ cebrddstepWisehamebrNdcaiischBaseardd Bdturfng is
current-node field-eftfect transistor |rrpl errent atl on ensures the gain match

A I

e S R P AR PR L S
b d hi f I hi

ey b e L B R R my BRSBTS

i mage rej ctl on. A matchi ng conpensation technique is devel whi ch can
cancel i rqtgdpqm@g@ réﬁ@t'@'&ﬂﬁx?f’i Waniented By dSthrieniondl 86 70 (Rplé'?y&it gebtly in
| F domain. The idea is to construct a feedback |oop which can automatically
det ect “tlrhteglm@d #vagd refectmixeh.” ahel mdirtairean Aicodiate ninety dgaraeqaigsensat i on
circuits. To inplenment this, a correlator, a gain msnmatch estimtor and

two varditibletice dgtwesmtid iq@a@ra(ul@w s&agrmly,s-ce;ﬂhme tibecter eddriindekl Ieop is Whi ch al |
can be integrated in analog integrated circuits. It is self-tuning and can

20 opere%?udyedgbt:eﬁfronqaenné@ﬂmg%et%eﬁqﬂeILqpehé@giﬁuﬁM rrxet\wbabah&%& E)RgQQB)

can be attairned reliably which™nake it a prom sing ar tecture uture

I Lo ARBTRRE A PR ARyt ol R MR i)

Pr OVI deu§ ﬁé’t%@%% 055 (Marshall). “RF tuning circuit which provides image frequency
rejection.” The circuit includes an N-path filter with tunable local oscillator for phase
matching and a feedback loop to displace the central frequency of N-path filter from the
local oscillator frequency. An image reject transceiver is invented in US Patent
6,137,999 (Lovelace et al.), “Image reject transceiver and method of rejecting an image”

15 that can provide both phase and gain adjustments that causes unwanted images to be
rejected. Both a phase detector circuit and an amplitude detector circuit are used to
detect the I/Q mismatches. A pair of double balanced mixers are employed in an
integrated IF receiver for image rejection in US Patent 5,140,198 (Atherly et al.), “Image
canceling mixer circuit on an integrated circuit chip.” The phase shift circuit employs a

20  specific arrangement of transistors to produce a precise 90 degree phase shift. Emitter
current of the transistor is adjustable to compensate for production variations and

process mismatches In the three above cited US Patents 4,696,055, 6,137,999, and



5 and a nethod for an inage rejection downconversion systemfor use in a
low internediate (IF) receiver with a high image rejection ratio (I RR) of
greater than 60dB. It is another object of the present invention to have

t he whol e system operate in a closed | oop node as well as open |oop (after
conpengstEdpoionode. 10 It is yet another object of the present invention to
provide a self-tuning imge rejection systemw th very fast settling tinme
and hi 948d9%8stq algninate tha phasq misnaatehibetween tinadragivedvixess. adivstablesent
invention to have this systemfully integrated and 15 applied in nost

wi r el eslsagecstftensrhaestodresyusachwhisth ingvitadily inDEGEEe thERIIpIBkityedfoot h, and
Wreless LANs. It is yet a further object of the present invention to

provi deorapsisdtiom antealgotdeerddd@ thiewaidhsiaiot peedisionardiimatdhapéd Q emairver
can be automatically cancel ed using the 20 received RF and i nage signal and

wher e aasextis hveptdPal 5Ihtehgn 8l 41306 @IhAIEE: ald, “TilEM 810 'ntﬂx%]rs still a

further” object of the present invention to provide a system which can be
fuldy | r.atied: wht h : nal. i Iyt j or:! asglly

| nceor G Rl et foh QiR TeeBBuR BakE Sl B Kb R E R B R

obj ects haye been achi eved where i mge rejectjon js. inplenmente

ol Fovbat g dBimatas saret of T Gaes SATACR “Sasimbbx Pel b aHFEh 218 GRled to
the desired I F _signal passband. The phase m smatch of the 11Q | ocal

osci | | gererataind hehrwitphi assensbiigenctstes aad (dishibtitgs psilses whichiemst exithey
designing a feedback |oop to automatically conpensate the matching of the

f or war drthog@nzdityhof the ihiphakeedlenk-phasp stgri) Acsuradrdtnoode fieldseftedto det ect
the 11Q m smatches and a gain nmsmatch estinmator is enployed to estimte

the deghR&is®l irhBRMEMRATSTBRSUNSRItRS gairemBRSded chMpRS MFRARSAHRE refdttéher
two variable gain anplifiers (VGAS? are inserted between the I'lQ m xer and

thg, co fid ' ' n ] t hase
an? antli {36 seRREGH Fhade PPl rour & RERme SheRRb Enahet g obee P
elim nageec?in tjﬁ?s i%'\?lergtEonD%%%ep\Tér%ig%:ifﬁﬁsE U[S)Qé\l/f\! hll(g;ﬁ frequency applications.

In this invention, quadrature mixers combined with complex filters are used for image
rejection. A matching compensation technique 1s developed which can cancel the

15 phase and gain mismatch before the complex filter directly in IF domain. The idea is to
construct a feedback loop which can automatically detect the degree of mismatch and
then eliminate them by a compensation circuits. To implement this, a correlator, a gain
mismatch estimator and two variable gain amplifiers (VGA) are used in the feedback
loop, which all can be integrated in analog integrated circuits. |t is self-tuning and can

20  operate in either open loop or closed loop mode. Very high IRR (>60dB) can be
attained reliably which make it a promising architecture for future wireless transceiver

applications.



Figure 1 is a block diagramof the self-tuning inmage rejection
.downconversi on system architecture of the preferred enbodi nent of the
present invention. 20 Figures 2(a)-(e) illustrate the nmethod of the signal
spectrum processing in the forward path. 10 | MEO1- 010 Figures 3(a)-(f)
det ai l|ptg®e-sioyul ati on setup for the self-tuning inmage rejection
downconversion system5 Figures 4(a)-(e) are graphs of the simulation
results. Figure 5 is a block diagramof the nethod of the preferred

enbodi nent of the invention. DESCRI PTI ON OF THE PREFERRED EMBCDI MENT 10 The

proposed architecture i s s§ogwmMARYFDBUTEE INVENTIORI udes two pat hs: the
forward path and the feedback path. The forward path is conposed of

gquadrature | and Q (11 Q mixers 10a, 10b (with two 11 Q local oscillators -
LGs) and a conplex filter signal extractor 20, which is used for frequency

downconversi on and image rejection. The 15 feedback. .path is. conposed of a
Cor el i 9BIecR0ta RE b SRR Sre Ris SBAHT S oL UMD LhRISSE B8YSRM b t v
variable gain anplifiers 51 a and 51 b) coupl ed between the 11 Q m xers and
the, with methadder animaes Eiesting, dRGIRETSieN avdeahive ese iy atlew |1 Q

m smat ches between 11O m xers and |1/0O LGs. Coupl ed between the conpl ex
fitterintdrgwediateXtf) aeceveranith arugle orage sejecticir @tibl (HRIR ol eatardha0 608 Br

conbining signals from20 the conplex filter signal extractor. Referring to
Figure 1, the basic principle of the invention is as foll ows. | MEO1- 010

It is another object of the present invention to have the whole system operate in a
closed loop mode as well as open loop (after compensation) mode.

10
It is yet another object of the present invention to provide a self-tuning image rejection

system with very fast settling time and high adjusting precision.

It is still another object of the present invention to have this system fully integrated and

15 applied in most wireless receiver systems, including GSM, DECT, WCDMA, Bluetooth,

and Wireless LANSs.

It is yet a further object of the present invention to provide a system where the 1/Q
mismatch in the forward path of a receiver can be automatically canceled using the

20 received RF and image signal and where no extra calibration signal is required.



In the forward path, the input signal x(t), conposed of desired RF and
image (IM signal (indicated as RF+IM, cones froma | ow noise anplifier
(LNAY. Its spectrumis shown in Figure 2(a) where the RF spectrum part and
i mge spectrumpart are located at the two 5 sides of the LO frequency _f;
., - Thaebnemgency spacing between the central frequency of these two
signals is 2,~"" Quadrature Mxer_I| 10a and M xer_Q 10b are used for
downcofvestl arﬁurmer Fhiecti ¢ighmpigaant inyeation tageavide atsietern ghiad ¢aipbe fglygnal s
p, (t) and p" (r) should have fixed 90" phase difference and equival ent
anpl i t idegraked withyow ebsusnalogsirdeits ahe whactecart bpeabiyc integratdd ingp arsinglaer s

and LGCs, i e., no phase m smatch 10 between I/Q LGs and gain m snmatch

bet weeghipl RF-AiFx@csivet.n this case, the conpensator is not required

(equi val ently, setting a =1, /~ 0 ). After downconversion, the signal s"
(t)( s, (r)) and s~,~, (t) ( s" (~) ) wll have the spectrumas shown in
Figure 2(b). The spectrum; of desired RF si gnal and the inmage signal
(Iag)elfjg RFadIMl 66‘%%’ are hlfte the | F bar](dl.ocated on
two” si de§SBA" HBar%P &EPRES R‘/SPW i )ign%g]edre P9 |’ISn Fi gure

2(b)). The conpl ex fllter S|g extractor is made up of two co
filterdMPleme r%t ‘qVﬂnQ@rﬁ rawe ¥R FH’FerfW'Hh%@HHSP'@bf”fer whigly 'Eh%eér’fpy a
positive frequency passband. The other (CF-IM is tuning its central

f r equetiydesired P signal gassbantly Taerdpsei misniatelyobineyl/ @ dec asdilldoes aRd doe e
2(c)). The operation of filtering is shown as Figure 2(c) and by this

net hod gahremiipaateRf te FOORBleryd dlintidatrpley absgninganes2abhbleldopage | F signal .
Then the filtered low I F signal can be further converted to a baseband

S gnal RGN RoIRrRARY fid Ptk of H¥FBMAIA balthehangXéajodHiaBBb ghes

l(:j)etween I'1Q LGs m xers, sone of e |mageh rgnal wl IIolthek
I
L T R

EE Sﬁéfam&ﬂ%v%de Rt ?rtﬁ?&%ﬁe% %ﬁ*’s"%%ﬁéts%é‘%ew 5!*% TRerRftabas M he

sane b%rc])gnpae%sg ed lym'lther(é Fg varl e gam ampll Pers (VGASs) are inserted between the

I/Q mixer and the complex filter to adjust the gains between 1/Q paths so that the phase

and amplitude mismatch of the 1/Q forward path can be completely eliminated.

15
BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a block diagram of the self-tuning image rejection downconversion system
architecture of the preferred embodiment of the present invention.
20

Figures 2(a)-(e) illustrate the method of the signal spectrum processing in the forward

path.

10



unique to this invention is to introduce a feedback |oop to automatically
cancel the m smatch by enploying the correlation characteristics of the
desired I F and i mage signal. Through continuously adjusting the gain a and
/|~ (see conpensatory Figure 1 ), 10 the msmatch will be continuously
reducegyind.gfie | RR can be continuously increased. The basic principle is
as follows It the separated desired |IF signal and inmage | F signal are
correlated, the' correlation of these two signals will be larger than zero.
A correlator is used to calculate the correlation value and thus can be

used t Figl@b8 Gl a)-PdbiafRtht SFRbIahon el for EHeSé@LﬁJhungrM@é Rijedtiorpsed to

deci de automatically the orientation of t he usting (adding or

reduci and ~ To inplenent this, the adj usting of the

val ue @Nan%%rnw@“?ﬂéﬁ?rent time will be deternined by both the changed
values of a or ~in the last tine and the changed value of c, (t) in the

| ast tine, see Figure 1. The adjusting of gain should be in a way, which
will farce c, ? to continuously decrease. After the conpensation by the
corréens':ég‘éﬁes“t(ﬁb SHA AR 2PN 28 t@ét%éﬁ’t'§f‘g’ﬁ§w%~., (t) and .s< <, (t) nml be

greatly reduced no matter how |l arge a m smatch exists between s, (t~ and
s~) (t~, and thus the IRRw || be significantly inproved. |13 | MEO1- 010 In
the follow ng, the function of each building block is described in details.
1. The figul ®isrZbhickidimgant ef thetrethodrofltodprdferrpd ensthodimendofdruimeent(dn: i n
Figure 1 is the anplified signal gained fromthe LNA which is conposed of
desired RF signal, inmage signal and other interference signal. After the
downconversion by I/C~- mxers and filtering of a conplex filter, the

desired RF signal a\r/]\%tbctm ﬁ{@ﬂséprﬁ?gpq;ﬁ:_ FEQZEW&M?@ the sane tine

t he i mage si gnal Interference si 10 Assune the
I(?LO signals are: nr (t) - fl COS(GJ Ot +Cn~ , 15 p~, (t)=sin(r,~, ~t).
g A represents the equivalent gain msmatch (if A~ 1) and ~p

repr esent s the equival ent phase m smatch (if c~ ~ 0 ) between the | path
and t hel s propRsed argfdtecture’is shown in Figure 1. Itincludes two paths: the forward path

and the feedback path. The forward path is composed of quadrature | and Q (1/Q)
mixers 10a, 10b (with two 1/Q local oscillators - LOs) and a complex filter signal
extractor 20, which is used for frequency downconversion and image rejection. The
15 feedback path is composed of a correlator 30, a gain mismatch estimator 40 and a
compensator 50 (with two variable gain amplifiers 51a and 51b) coupled between the
I/Q mixers and the, which is used for detecting, estimating and canceling the 1/Q
mismatches between I/Q mixers and [/Q LOs. Coupled between the compiex filter
signal extractor and the correlator are blocks 60a and 60b for combining signals from

20  the complex filter signal extractor.

Referring to Figure 1, the basic principle of the invention is as follows.



downconversion system -~,~, denotes the |local oscillation frequency of the
llocal 20 oscillators. (1) (2) 14 | MEO1- 010 M xing x(t) wth LO signals
through I'1Q mxers to get: ,s,(t)= Ax(t)cos(rv,<,t +~p), 5 .sQt)=
x(t).sin(co,.~t~. Here s, (t) and s" (t) m| have anplitude m smatch A and
phase nsEteio ~p . If they are directly passed into a conplex filter for
the extraction of the desired IF signal and (3) (4 ) the rejection of the

i mage IF signal, the inage rejection ratio (I RR) cannot be high since 10 it
~s very sensitive to the m smatch between the | path and the Q path

( commonh yheafowact BatBihe inpubbighapef} ccompesed sfafistred RF adddmane ( m/lpﬁrg
(at least >55dB) is desired and this notivates us to propose the follow ng

o SR s RO DR LURAE, £ LS ARG ATKRS oA S il

nperrsa mrratirrg the m
can us .two vo | fiers, (V a, 51 b as a conpensator in
P gur e FOYS 23) 1B e Brirecluneat SrRdpaosBbeRdnd e a 'Hégpe@@fﬁhﬁéw%em
as: 20 .rci(t) s~(t)= Ax(t)cos(~~~.ot +~p), (5) 15
5 sides of the LO frequency f,,,. The frequency spacing between the central frequency

of these two signals is 2/, Quadrature Mixer_[ 10a and Mixer_Q 10b are used for
downconversion of incoming RF+IM signal. Ideally, the I/Q LO input signals p, (1) and
Py (1) should have fixed 90° phase difference and equivalent amplitude. Firstly let us

consider the case of perfect matching in mixers and LOs, i e., no phase mismatch

10  between I/Q LOs and gain mismatch between I/Q mixers. In this case, the compensator
is not required (equivalently, setting o =1, f=0). After downconversion, the signal
s (0)(s, (1)) and 5., (1) (5, () will have the spectrum as shown in Figure 2(b). The
spectrums of desired RF signal and the image signal (labeled RF and IM in Figure 2(a))
are shifted to the IF band located on two sides of the zero frequency, respectively (IF

15 and IM_IF in Figure 2(b)). The complex filter signal extractor is made up of two complex
filters. One (CF_RF) is tuning its central frequency to f,, and has only a positive
frequency passband. The other (CF_IM) is tuning its central frequency to - f,, and has
only a negative frequency passbhand (see Figure 2(c)). The operation of filtering is
shown as Figure 2(c) and by this method the desired IF signal will be separated from

20 the image IF signal. Then the filtered low IF signal can be further converted to a

baseband signal through an A/D converter.

12



| MEO1- 010 ,s~c~ (t ~=aso (t ~+/~s ~(t ~. (g ) If aand /3 are
adjusted to the values. _ A co,s~~ ~ ( 5 ~3 =fan(~p~, (g) Substituting (7)
and (8) into (6), it is easily to prove that s~"(t~= Ax(t)sin(~,~t +rp)
(g) 10 Conparing (5 with (9), we see that there will be no m smatch
betweewé@ﬁoq?rrpensated I/Qsignals .sy, (t) and .s< <, (r) if the gains a

d ~3'are set as (7). Then, if s~,, (t) and .s,(t) are put nto the conpl ex
filter for inmage rejection, very high IRR can be gotten (for exanple, >62dB
by using a 4t" order Butterworth conplex filter). However, 15 since the

m smat ghhtaldifst ndknAted setheend/d eerl Mmﬂe%,%ﬁ@%the@ﬂ%ﬁlgs%gﬁﬁ ifsi red

conpensation values of a and ~ are not available, they hav est1 mat ed

cepar aEPo OGN RBRARR B pRBr Pest B A 1bRrEmel e drllia B B I HERY”

separ at he desired |IF sigpal . fromthe i e |F signal, Wthout |o of
genera'ln?(?b",e 'maqes'Fa%gWSg(B?Bg &%&h@@ﬁm i%ﬁp?ﬂ%g'ien@%m @“FEFE&)gnaI
lies in the positive frequency band and the image IF signal lies in the

nedut | 9ed Fiasgaetely Baviausly tenbl sandlianddhe Wit - sional wil hesioge apoeletache r eal
axis has only 5 a band pass selectivity in positive frequency band, and a
conpl eginté paerofwhé - dM_|F} sigpal iesn tied samebandesl thaXMs 1k &F) eignal aThandegpass
sel ectivity in negative frequency band. These characteristics can be used
to separighie té s deantied id to Piradate briegtbaek bopeS alforsatdtl cancel the
mismatch by employing the correlation characteristics of the desired IF and image
signal. Through continuously adjusting the gain « and J (see compensator, Figure 1),
10 the mismatch will be continuously reduced and the IRR can be continuously increased.
The basic principle is as follows |f the separated desired IF signal and image IF signal
are correlated, the correfation of these two signals will be larger than zero. A correlator
is used to calculate the correlation value and thus can be used to detect the I/Q
mismatch. A gain mismatch estimator is used to decide automatically the orientation of
15 the adjusting (adding or reducing) of the gains « and g To implement this, the
adjusting of the value of « or g in current time will be determined by both the changed
values of a or £ in the last time and the changed value of ¢, (¢) in the last time, see

Figure 1. The adjusting of gain should be in a way, which will force ¢, (¢) to

continuously decrease. After the compensation by the compensator, the mismatch

20  between signal s, (1) and s, (r) will be greatly reduced no matter how large a mismatch

exists between s,(r) and s, (t), and thus the IRR will be significantly improved.



A conplex filter with positive frequency passband is used for extracting
‘the desired IF 10 signal, and also a conplex filter with negative frequency
‘passband is used for extracting the image IF signal in the bl ock conpl ex
filter signal extractor 20 in Figure 1. After the processing with this

si gnal inxo1-8gpor. desired IF 11Qsignal r, (t) andy, (t) (IF.l, IF Q are
separated fromthe inmage IF I1Qsignal m (t) and m-, (t) (IM IFI

| M_I F_lgtheTalkawing, the)fuaslipryof ¢agh ilding bloskibtiesetibes in detaitsl ex si gnal r(t)
=r, (t) +jr~(t) , and m (t) , and 15 rn~, (t) wll be conbined as a

complex signal rn(t) = m (t) -i- jmo (t) in Blocks 60a and 60b,
respectively If s~ (t) and .s, ~, (t) have no msmatch, r(t) and n{(t)
will ] frequency bands. However,
if sy, 8 F?g%%ﬁfén‘?@f$ma%‘é ’%}%{dghﬁ? }O?‘ ?Fafﬁgé%?%) becone correl ated. The
main reason for this is - if there is an I/Q msmatch and after conpl ex
filtering - that sone of the image IF signal will leak into the desired IF
20 signal passband and al so sone of the desired IF signal will leak into

t hes i magsurhE i Jdnaligpess athd, aras|ificdosignalyafalirem2hé ANAndhite)s colapesed (t)
and nm(t) becone correlated. 17 | MEO1- 010 This inportant feature will be

used t8f8’éa§uf%%tR|EQt?gerﬁJ[IQHPa'gte &ﬁ@ta%@eoﬁpgﬁﬁwggﬁeﬂeﬁggsi:gg?PdA&:rpt%%h 4. A

cor eel at of he”rni srna afor Figure 1 is

define , E( t esen s.. the

assenbﬁa Soerlegbn AR "i"érsa o iy Fiet ranhiek lieErfe Festef el SERal Eilgna
(t) t he out the correlator cr be zero.

Q hermﬁgéranﬁformérte a4 IE siaglans é?tttf]eéam?d i5F the 4880%SioRat e'ﬂé;&ﬂtsé@w@@ﬁ s~,

(t) and (10) s~ ~, (t) t he out put of the correl ator c) (t) will be larger

than zsigbal Wirbsoelsninatatk | arger the mi smatches are, the larger the

correl ator outputs.

10

Assume the 1/Q LO signals are:

pi(1)=dcos(, ot +¢), (1)
15 pylr)=sinfo,,1). (2)

Here A represents the equivalent gain mismatch (if 4 =1) and ¢ represents the

equivalent phase mismatch (if ¢ # 0) between the | path and the Q path of the
downconversion system. ,, denotes the local oscillation frequency of the local

20  oscillators.

14



15 The key idea of the proposed schene is to try to self-adjust the gain a
and /3 through a cl osed feedback | oop, which forces the value cr(t) to
continuously decrease to as snmall as possible. In the ideal case, c, (t)

will be adjusted down to zero and thus the m smatch between .s~,, (t) and
s< <, (MEMLb{o be elim nated conpletely. 20 5. Msmatch estinmation and
cancel i ng schene 18 | MEO1- 010 The gain m smatch estimator in Figure 1 is

used t dMiximgt k{nbeitk IO eiriatetheowntd!/@dpixsts tohgetval ues of a and ~3. The
function of this block can be summari zed as the foll owi ng recursive
processi ng procedure 5

o/ a % Sef initial

| X 0) =.h =1: d(0~ =d(1)=1; 10 O~=a(l)=l; 0)=,13(1)=l;
val Ues. TR0 TR, 75 L0 = 00D a(0~=a(1)=1; @B(0)=, |3(1)
(t)

t=2. Wi X TS5 a( 2)h(t-2)d(t-2)~a(t), (1la) h(t ) (3
sign(a(t)- a(t - 2)) , (11 b) d _.sign(c~ (t) - ¢, (t - 2) ; ( 11 ¢
~3(t+l)=~(t-1)-h(t-1~" (t-1~O ~(t), (12a) 20 h(t+1)=sign(, Qt+1)-~(t-1)),
(12b) 19 IME01-010 d (t + 1) =sign (c, (t +1) - c, (t -1)) ; t =t+2
5 End Vg@_&_):rx().. { /,o)-%l x>0 Here sign() is defined as sign(x) = 0 x ?4)0 :

Here s,(r) and s,(r) will have amplitude mismatch A and phase mismatch ¢ . If they

are directly passed into a complex filter for the extraction of the desired IF signal and
the rejection of the image IF signal, the image rejection ratio (IRR) cannot be high since
10 itis very sensitive to the mismatch between the | path and the Q path (commonly
around 30dB). In high performance transceiver design, high IRR (at least >55dB) is
desired and this motivates us to propose the following self-calibrated and tuned image

rejection downconversion architecture.
15 2. A compensator for eliminating the mismatch

After the I/Q mixers, we can use two voltage gain amplifiers (VGA) 51a, 51b as a
compensator in Figure 1 to adjust the amplitudes of the |/Q signals and then combine
them as:

20

s ()= 5,(0) = Ax{(t)cos(w ot + ), (5)

15



-1 x<0 10 Where T,, representing a threshold is a very small positive
constant value, and ( 12c) oa, 4~ > 0 are the adjusting step val ues. From
above,” we can see that a and ,Q are alternatively adjusting intinet and c
+ 1 . The adjusting value of a or ~in current tine (t ort +1 ) is
det er mimeEd1by1®Pot h t he changed value of a or /~ ~n the last time ( t - 2 or
Il 5r -1 and he changed value of ¢, (t ) inthe last tinme (t - 2 or t -
| ) Thescy B@&a hhﬂwzgare nodified in the direction which will pronot(@® c
(t) has the tendency to decrease. For exanple, if a(t - 2) > a(t -- 4)
h(t - 2) >0, ( 11 b)) leads c~ (t - 2) <cr (t - 4 (d(t -2) <0, (11
c)), me have a(t) = a(t - 2)-1 X (-1) Xaa(t) = a(t - 2)+ 4a(t) in (11 a).
Thi s ns | he | % intimt - 2 leads the decrease of ¢, in
time t aZa” §H%a E%P§@ ?ﬁ@‘éﬁ%ed further nore at tinme t so that c,
potentially can be further decreased at tinme 20 | MEO1-010 t . On the
ot her hand, Af a(r - 2) >a(t - 4 ( h(t - 2) >0, (11 b)) leads cr
2) > cra(TEETYQ d (~-2) >0, (11 c)), we have a(r) = cx(r - 2.)- 17k 1

X ~a(~) = t oa(t) in (11 a). This nmeans if the increase of a in
time ~ - ads the increase of ¢, intimet - 2, a should be decreased
at Bi nefit= §ﬁ7 hat c, can be potentlally decreased at tinme t . The samB)5
operation is done to /3 It can be easily verified that the schene in (11 )
and (12) will force the value of ¢, (r) to continually decrease and thus to
continually inprove the IRRwW th tinme until a very high IRRis attained
Essent'ﬁhds‘fltuﬂn@eﬂgg%?ﬂn&?(6)'[ﬁn@ b8sify 9igrelé fHLd adaptive | east nean square
(LMS) al gorithm kin, "Adaptive Filtering Theory", NJ' Prentice
Hal |, 1996. Therefore, all LNB algorithmrelated 10 technlques can be used
to further i nprove the present algorithm performnce (but, of course, with
nor e conpbe /%*Q kt sho | d be noted that the selection of paraneters Th
~a and ‘be SifkAaé 6 f bet ween the estimation convergent rate and(®he
estimation

10

Comparing (5) with (9), we see that there will be no mismatch between the

compensated /Q signals s, (1) and s;,,(¢) if the gains « and S are setas (7). Then, if
s.,(t) and s, ,(r) are put into the complex filter for image rejection, very high IRR can be

gotten (for example, >62dB by using a 4" order Butterworth complex filter). However,
15  since the mismatch values of A and ¢ for a receiver are unknown, and thus the desired
compensation values of ¢ and g are not available, they have to be estimated before

making compensation.

3. Complex filter pairs for signal and image separation

20



accuracy. The smaller T,,, , ~a and 0/~ are chosen, the nore accurate
estimates of desired a and /~ can be gotten, and the slower the estination
converges. 15 6. Method of the inverrtio~ Referring to Figure 5, we now
describe the preferred nethod of the present invention: 2l | MEO1- 010

Bl ock;pe6ie g{zi bes providing an input signal conposed of the desired radio
frequency ? ) and image (IM signal. Also refer to Figure 2(a) and its
descr Cptriptex fiigers ican bienuddietotexttact Sndlsepkrale tesdesitmas|Fdsignaidrrankéng t he
incomng RF+IMsignal utilizing a quadrature mxer | and Q and an | and Q

(17 Q incdiniredighAc alitRsGt 1bsabPieddrity. Red 8&surRedbALY oh&InvaRsiohtBat the

description earlier in the text Bl ock 3 describes providing a conplex

filte j - nagt: - j . .

i t1prgranl SRR R TR E rBbuEREF L EL L B LN B8 (o e
| F band Refer to Figure 2(c nd.jts description earlier in the text.

Bl ocknaoaiedtedescy Hidq A Rumalrdue B ks BrAuege ekl fals Faskincy
+.fIF and -.flIF, respectively, thus separating the desired IF signal from

t e i abgedirRssisgirativitRit eesitive Tsqyenfiyrlarm, @ndanepmplexdidee withtallots ealesi er in

the text The dotted outlines in Figure 2(c) illustrate the effect of the

conpl balofy theaeal Bliobks Dntles banbeass setaatiuity mgnayetive drelgeedbpbkntodipete
automatically cancel the m smatch between the 11 Q LOs and t he quadrature

M Xer shipucrinetiey tag beﬂs@dﬁo%@gﬁﬂg’té ehatietired FesigRaIRdAthOIMEHa ISl Sti Ccs
of the desired IF and inmage |IF signals. Refer to correlator 30 in Figure 1.
22

A complex filter with positive frequency passband is used for extracting the desired IF
10 signal, and also a complex filter with negative frequency passband is used for extracting

the image IF signal in the block complex filter signal extractor 20 in Figure 1. After the

processing with this signal extractor. desired IF 1/Q signal r,(r) and rQ(t) (IF_ILIF_Q)
are separated from the image IF 1/Q signal m, (r) and m,(¢) (IM_IF_l, IM_IF_Q). Then
r,(t) and r,(r) will be combined as a complex signal (1) =r, (1) + jr,(t), and m,(r), and
15 my,(r) will be combined as a complex signal m(1)=m, 1)+ jm, (1) in Blocks 60a and 60b,
respectively. If s, (¢) and s, (/) have no mismatch, r(r) and mfr) will be uncorrected
since they lie in different frequency bands. However, if s, (1) and s, (¢) mismatch, r(¢)

and m(r) become correlated. The main reason for this is — if there is an 1/Q mismatch

and after complex filtering — that some of the image IF signal will leak into the desired IF
20  signal passband and also some of the desired IF signal will leak into the image IF signal

passband, as shown in Figure 2 (d) and (e). Hence #(¢) and m(r) become correlated.

17



| MEO1- 010 Bl ock 6 describes utilizing a gain msmatch estimator to
continuously adjust the gain cr and ~3 of variable gain anplifiers (VGAs) A
‘and B, respectively, where the VGAs are di sposed between m xers | and Q and
the conplex filter signal extractor, thus increasing the inmage rejection
rati olME@RP1®Refer to the gain mismtch estimator in Figure 1 and 5 Figures

3(c) and.3(f) Verificatjons an ul.ts To verif e feasibility an

oval ulhis iRetadteaurE Rl BEutiEo SRt aBa SRk risrinlclis beiedh e lpRih o
simul ati on usi ng MATLAB SI MULINK 2.0 has been done. In this sinulation, the
per f oP@ince of the proposed downconversion system applied to a Bl uetooth

|l ow | F receiver (assum ng FM nodul ation) is investigated and illustrated.
In fact, the proposed new self-tuned i mage rejecti on downconversi on system
(circuits) can be widely used in nost of wi reless comunication

appl i gayi h - _— and 15 wirel ess LAN etc. Figures
3(a- g)hs%\a%@#z’ef%fﬁm%m ’W set up for the self calibrated and
tuned i mage rejecti on downconversion system Figures 3(a), 3(b), and 3(c)
meke up one Figure. Figure 3(a) connects to Figure 3(b) via connections 31,
32, 33 and to Figure 20 3(c) via connections 34, 35 Figure 3(b) connects to
Fi gur de(@rra/atar cohigeice ilow d8Bne@ds: | MEO1- 010 Referring to Figure 3(a) now,
Bl ocks LO 1 310a and LO Q 310b sinulate the I/Q local oscillation signals.
Bl ocksr{%l XER £ (r@)2@)and M XER, ~Q 312b sinmulate the I/Q mixers. Blocks Al pha
314a & :B%Kla@)]ﬁg(ﬁzml ate conpensators. Bl ocks RF_extractor 316a (ﬂloﬁls and
| M extracto B6b  Si ate the conplex filter signal extractor in Figure 1
5 Block CF3 313 is used to sinulate a conplex filter whose input signals
are not conpensated, while RF_extractor 316a | M extractor 316b are used to
sinmul ate the conplex filter signal extractor whose input signals are
conpeWdware &( ) Hepeseatshthefadskenble average. Obviously, if there is no mismatch

10 between the signal s, (¢) and s, (t), the output of the correlator ¢ (¢) will be zero.
Otherwise, if there are any amplitude and/or phase mismatches between s, (¢) and

s, (), the output of the correlator c, (1) will be larger than zero. Moreover, the larger

the mismatches are, the larger the correlator outputs.

15 The key idea of the proposed scheme is to try to self-adjust the gain « and g through a
closed feedback loop, which forces the value c,(r) to continuously decrease to as small
as possible. In the ideal case, ¢, (¢) will be adjusted down to zero and thus the

mismatch between s, (r) and s, (¢) will be eliminated completely.

20 5. Mismatch estimation and canceling scheme



conplex filters (316a-b and 313) is inplenented with a 4t" order
Butterworth conplex filter. Blocks 318a and 318b represent the I and Q
signal combiner for 316a and 316b, 10 respectively. Correlator 319 in
Figure 3(b) is used to sinulate correlator 30 in Figure 1. Blocks Corr dec
al pha 3R€a1ad) Corr dec_beta 320b, Al pha estimator 322a, and Beta esti mator
322b in Figure 3(c) are used to sinmulate the gain msmatch estimtor 40 in
Figure 1. Block Image Rejection Ratio 326 in Figure 3(b) displays the inmge
rejection ratio of the sinulation nodel Mreover, the detail ed SIMJLINK

nodel  dthetdwen easmlaton dstirhalor er Figetd $ |§E3e<$1(300|®mﬂroﬁalsaft &dtinegtel ar@oadjasather
319, and gain m smatch esti mator ceII (320a-b _and 322a-b) are shown in

Fi gure , I I ges are
repr esi’ﬁ@e&q%fna%(ngﬁre 3(a) iy‘o?v?g Eqduc\éﬁéc%/h ?r%-gﬁmgfge}g%g ﬁ glfaﬁ(gpl RF_nod
sig 324a and | M nod Slg 324b whi ch represent the desired RF 20 and I M
S|gnaI§eCW§§6éﬁPP@%¥W3 MedeER ri er frequency of the desired RF signal is
2.4GHz and the carrier frequency of the IMsignal is 2.38GHz, thus the
cenbral frequency of IF signal is 10MHz ((2.4-2 38)12*103 N+E) The

nodul ation signal for the RF carrier is a 24 | MEO1- 010 pul se wave with
peri od %,-ces-{fi-requency--1-MHz).--The--noHul ati on signal for the IMcarrier
is a sine wave with period 1 ,cr,s (frequency 1 MHz) The central frequency
of the conmplex filters is tuned to 10 Miz and its bandwi dth is designed as
2MHz. Assune the equivalent anplitude msmatch is .A = 1.6 (60% and the
phase 9" (10%, and thus the desired a and /3 for
conpenggﬁw?hggg# %e calculated as a' =1 61994 and ~' =0 15838 Setting the

m ni mum adj usting step for a to oa = U 01 and the m ni nrum adj usti ng step
for ~to ~/~=0.01 In the whole simulation a sanpling rate of 5x10 sanplesls
is used % HlGe sinmulation results are shown in Figures 4(a) to 4(e) Curves
1, 2 sh&“)ﬁ lestimation of a, ~3 in Figures 4(a), 4(b), respectively.
Fron1|nunnaJd@piues 0, the estimates of a and ~3 converge to the desired
vallles of @yd ~3' taki ng about

ﬁ(0)= pl)=1

[=2.

While ¢, (t)> T,

15 al)=alt-2)-h(t-2)d(r - 2)Aal), (11a)
h(t) = sign(alt) - alr - 2)), (11b)
d(t) = sign(c,(t)—c, (t =2)); (11¢)
Ble+1)= ple~1)=hle-1)d(e - 1)AB(), (12a)
20 s +1)=sign(Ble+1)- Ble -1)), (12b)
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0.25 ors . The output signal of the correlator, Curve:3, is shown in Figure
+4(c) which continuously decreases from GdB to about -38dB taking about O
3,rcs . After that) it 15 converges and varies in a relatively small range
Figures 4(d) and 4(e) show the results of image rejection ratio with and

wi t houlMicbhdédsati on, respectively. It can be seen from Curve 5 that the
IRR is only about 1%38 i t hQut conpensation while with conpensation, Curve
4, thedBRR F§@@§hﬁﬁn oﬁgayl}hproved until an average 70dB IRR i s gfidmd
when the conpensation converges. The settling tine is about 0.2 ,cps to 0.3
acs . 20 After the stability of conpensation, the feed back | oop can be
broken and then the 25 | MEO1- 010 forward path works in an open | oop node,
whi ch still, can provide reliable IRR over 60dB in nmost applications 5
Analog Grcuit Inplenmentation Consider now the inplenentation issue of the
proposed architecture. In the forward path, the m xers and the conpl ex
filters can be inplenented in analog integrated circuits, see the J. Cols
and M _Steyaert, CMOS Wrel ess Transceiver Design and T. H 10 Lee articles
di stus58d earlier in the Background of the Invention. In the feedback path,
the correlator and the gain m smatch estimator can be inplenented using
digital circuits as well as analog circuits A promsing way is to inplenent
t he whol e feedback path with analog circuits. For exanple, the correl ator
can be%-wpl-erent-ed-ust-rg--anal-og--r-ti-plhers and a | owpass filter K Bult
and H Wallinga, "A CMOS four quadrant analog 15 nmultiplier," |IEEE Journal
of Solid State GCircuits, vol 21, no. 3, pp. 430-435, 1986 and R G egorian
and G C. Tenes, Analog MOS Infegrafed circuits for Srgna! Processing, NJ:
John Wley and Sons, 1986. The gajn i gmatch estimator can be inplenmented
usi ng operational anplifier based conmparator D. A Johns and K Martin,

Anal ogHere signétiedelined aptsigxsi gn,0 N =8ohn Wl ey and Sons, 1997, and the R
Gegorian article referred to 2Q_gbovgy The two VGAs can be inpl enent ed
using two high linear analog nmultipliers and

10

Where T, representing a threshold is a very small positive constant value, and
Aa, Ap > 0 are the adjusting step values. From above, we can see that « and g are
alternatively adjusting in time 1 and ¢ +1. The adjusting value of ¢ or £ in current time
(+ or t+1) is determined by both the changed value of ¢ or g in the last time (r -2 or
15 1-1) and the changed value of ¢, (¢) in the last time (1 -2 or t—1) The value o and S
are modified in the direction which will promote ¢, (1) has the tendency to decrease. For
example, if a(t-2)>alr-4) (h(t-2)>0, (11b)) leads c,{t-2)<c,{t-4) (d(t-2)<0,
(11c)), we have alt)=alt- 2)-1x(-1)x Aa{t) = alt - 2)+ Aalt) in (11a). This means if
the increase of a intime /-2 leads the decrease of ¢, intime r-2, « should be

20 increased further more at time ¢ so that ¢, potentially can be further decreased at time

20



anal og adders, see S. Hsiao and C W) "A Parallel Structure for CMOS four
‘quadrant analog multipliers and its applications to 2GHZ RF downconver si on
M xer.s, "| EEE 2f | MEO1- 010 Journal of Solid Sfafe Grcuits, vol. 33, no.

6, pp. 859- 869 1998 and the K Bult article referred to earlier. In this
sense F 3 oPposed high inage rejection downconversion systemcan be fully
|ntegra I'n analog circuits, and thus potentially can be devel oped as an

anal og . obh Bsebthap Plantng d(o- v_hgalmw) (fegﬁwemﬁ:»)mé\e@@tcagesz)mcs(uﬂn}ary, t he
advant ages of the present invention are: 1. The new i nvéntion |s a

can bédliot i APy e Bl e’ H@?&f«ﬂea (ke it Bogrie o

extra calibration S|gnal is required. 2. The new i nvention can work on- Ilne

Wi th ang@isyif tresihcaeiskl dfng it ki + No |8adé ele hevedsarde: anRifes @ —andy Gold
m smat ch eX| sts the system can al ways corrpensate it to a very snall degree

wh t th h.f eedback t
can a0t ST HRE ST O et PORNAL STET S AL PringLhe SPER | on
ratio (over 62dB) can be gai ned, which pronotes it for use in al nost all

ki fids oplerdtiogh's plentden@indecan beleeséy eanfrashihebthcoscheppe ircEtl) end.(12) wilhe new
i nvention can be fully integrated with | ow cost analog circuits. It can

easi | yohe th@fvsﬁrea&feﬂgz% %oat.§uaglcréc@$as% ﬁFdlrﬁJsrt@%h\fﬁaaw .Hbrwé Yh@fOR | mage

rejection 20 perfor t he |nvente core can ely used in | ow
oSt B B2 e ggghg.;ggnggff SRIE SRS, e 3450 S 8 5 Vet oot

simplified adaptive least mean square (LMS) algorithm. See S.S. Haykin, “Adaptive
Filtering Theory”, NJ- Prentice Hall, 1996. Therefore, all LMS algorithm related

10  techniques can be used to further improve the present algorithm performance (but, of

course, with more complexity). It should be noted that the selection of parameters T,
Aa and AS are a trade off between the estimation convergent rate and the estimation
accuracy. The smaller 7,, A and Af are chosen, the more accurate estimates of

desired « and g can be gotten, and the slower the estimation converges.
15

6. Method of the invention

Referring to Figure 5, we now describe the preferred method of the present invention:



| MEO1- 010 5. Since only the anplitude adjustors (i.e., VGAs) are used in
-the invention to conpensate the 11 Q phase m smatch, the phase error

detect or and phase shifter (for conpensation) are not required The
conplexity of the conmpensation circuit has been greatly reduced and the

adj usiiviemt-opoeci sion has al so been greatly inproved. Wile the invention
has been particularly shown and described with reference to the preferred
enbodBlesktisdesespesprovigdingian inpet sigaakearspeases) ot thesiesyri Iragia fraguaheyart t hat
various changes in formand details may be made w thout departing fromthe
spi ri (REMhdsiooge 0M) shypal. ndéat iedaer. to Hig 2@ 2(aChAd MBS deVEOdtidHLOarlier iy thel | y
integrated self-tuned i mage rejecti on downconversion systemw th feedback
for uggtin low internediate frequency (IF) receivers with high i mge
refection ratio, conprising: 5 a forward path, receiving a radi o frequency
(RF) and image (IM signal, said forward path conprising quadrature I and Q
(I''Q channel mxers with an I/Q local oscillator (LO each, and a conpl ex

fidteg, si | extractor, said mpl ex fil i.gnal extractor ,extracting an
1P andi B Eybse B dioen Rl Rog R e B Rln b s D e Bl Bhver o on:
and 10 a feedback path, receiving the output of said forward path, said

f oedbRUErIRN Gamehars| e & Qi dioangl 1poa! St S dHTER alch 2t

variable gain anplifiers (VGAs), said VGAs di sposed between said I/ Q m xers
and sand ite skesratian earder §itgedeXtext ract or, said closed | oop feedback path
used for detecting, estimating, and canceling Il Q m smatches between said
I/Q mxers and said Il Qlocal oscillators (LGOs). 15 2. The self-tuned i nage
rej ecti on downconversi on systemof claim1, wherein said correlator is used

to caBmitkad GeddiDesPrbat Ry ®BotplasErilRe NRRN exthctof ¥iddrCiLef é&ngvési fiargd | F

i mage signal which is used to detect the I/Q m smatch. 20 3. The self-tuned
i frage ok r : r -
R L B SRR 31 SR A B M e eRl®t AnaM yiRaftor e
adj ust,ing. of th Q nsat i ai,n, of said VGAs. 29 | MEO1- 010 4. The
el 1~ i Sanch e B B H0naRu R elesthbey Solir &Y tneitaMm 3, wher i n ¢ he
direction of the adjusting of the conpensation gain of said VGAs is both
additive and subtractive. 5 5. The self-tuned i nage refection
downconversion systemof claim1l1, wherein two variable VGAs are used to
el i m Bitek 4 iy plvesaunind the Rfgand time Bvdittehtesa obnisalifiedueQek &5 padd sgEd 11 Q
m xers, respectively 6. The self-tuned i mage refecti on downconversi on

systemof claim1l wherein hj gh i_ma rejgct.ion ratio (I can be
ot abrspestiu bl FR8iRineBe st Tad I P BE foFl e PR Bl Rkl anc
said Q channel exjsts. 7. The self-tuned iLnmage refection downconversion
syt e%wea@iaﬁdl,ts dRes ntienianslian ipthaieni dgedotiediinessBd i9W62 (Fhedback
path is self-tuning. 15 8. A fully integrated self-tuned i nage rejection
downc diwstrets e efiesct efthel eamplexdiiack for use in low internedi ate frequency
(I'F) receivers with high inmage rejection ratio, conprising:

Block 5 describes introducing next a feedback loop to automatically cancel the

mismatch between the I/Q LOs and the quadrature mixers by employing, via a

20  correlator, the correlation characteristics of the desired IF and image IF signals. Refer

to correlator 30 in Figure 1.
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20 a forward path, receiving a conbined radio frequency (RF) and image (I M
-signal (RF+IM, said forward path conprising an | and a Q (11 Q I ocal
.oscillator (LO, a quadrature | and a Q (11 Q channel m xer, a conpensator,
and a conplex filter signal extractor, said quadrature 1 channel m xer
recei Y' E@1§(?1i0d RF+I M signal and a signal fromsaid | LO said quadrature Q
channel "m xer receiving said RF+I M signal and a signal 30 | MEO1- 010 from

sai d @IddR 6 gaberiddsQtizmy e hal Mesmatenredmets i torensaisudR abiMss tenghin gai d
conpensator receiving output signals SI and SO fromsaid I/ Q channel m xer,

sai d g{s?% v S Tl ' i f

corrpe%@gpg; ng r%{b’lef ﬁg%@%ﬁ%“@ﬂ/\\ézmﬁgﬂu? bﬁbt%pgicg\@ ,S\Lg%e:tng@sgéﬁad

complex filter signal. extractqr receiving 5.signals SCl and,SCO from said

conperesnaset Bealadt i 10 QPG AaMEsE Al De "D ERTAET i o PIE AR an

| F i mage signal and providing said extracted IF and |IF i mage signal at the

out puth®fmags eeieeianaradiogiR) ~Bafel to dhevdrin Hemeatas eatimatorfip %@L@ﬁc&and

conversion; and 10 a feedback path conprising a correlator, and a gain

m SmatFegurest3(epearot 3(fsai d correl ator receiving the output of said forward

path, said correlator calculating the correlation between said desired

extracted IF and I F image signal, said gain msmatch estimtor receiving a

signal fromsaid correlator, said gain msnmatch estimtor adjusting the

gain of said first and sai d segstfivativedang®Rasuitkosed | oop feedback path

t hereby detecting, 15 estimating, and canceling IJO m smatches between said

I/Q mxers and said flQlocal oscillators (LOs). 9 The sel f-tuned i nmage

rej ecti on downconversi on systemof claim@8, wherein said gain m smatch

esti or_ | : [ ' e di j ' i ng of

the 20 Ce M Rl RGBT RERO o o W RFbR Gl M 1D

downconyersion system of clai erein t direction of the, adjusting of

REC arramernl R b LagasMELRNR 2 Ghas PSS dang. Jushis sinyiAdona]

| MEO1- 010 11 The self-tuned image rejecti on downconversion system of claim

8, whdheiperfomanca dhibleeproppscd dewnsenvarsiopl systanaapplieddpa &deetanth lomgFgai n

m smat ches of said I1Q LOs and said I/Q m xers, respectively. 5 12 The

sel f - trgosidet (REEMI) EM moduitiont Bnnesstiganed yad dsthted. dnrfadt, thdhprapiosed hi gh

image rejection ratio (IRR) can be reliably achieved, regardl ess of how

lar ge vk SRy iprﬁég‘éﬂr%ﬁbc?i%hqjdwrﬁdbﬂvé%!i&w Q/Qéﬁh%%ui%'cﬁhsoel@id%@ ud&®in

sel f-tuned i1 mage rejecti on downconversion systemof claim8, wherein the

1/ Q i : aj aQn.;; i " The

sl TR MRS P A e AR R Sl rEa B PEE Mt 0 e o

C lex fil tﬁ% Si ﬂnal extractor separates said desired extracted IF and IF

i tege WigRsT “98 §tr ough the uses of a conplex filter with positive and

negative frequency passband. 15. A fully integrated self-tuned i mage

rejecti on downconversion systemw th feedback for use in | ow internedi ate

frequency (IF)~ receivers with high imge rejection ratio, conprising:
Figures 3(a- c) shows the SIMULINK simulation set up for the self calibrated and tuned

image rejection downconversion system Figures 3(a), 3(b), and 3(c) make up one
Figure. Figure 3(a) connects to Figure 3(b) via connections 31, 32, 33 and to Figure

20 3(c) via connections 34, 35 Figure 3(b) connects to Figure 3(c) via connection 36.



20 a forward path, receiving a conbined radio frequency (RF) and image (I M
signal (RF+IM, said forward path conprising an | and a Q (1/Q | ocal
oscillator (LO, a quadrature | and a Q (I1Q channel m xer, a conpensator,
and a conplex filter signal extractor, said quadrature |I channel m xer
recei vil OSI%Pb RF+lI M si gnal and a signal from 32 | MEO1- 010 said | LQ

sai d quadrature Q channel m xer receiving said RF+I M signal and a signal
from s@gfefdrng@o Fgid IPnohaBiwlksitixdr3idavamedn@ett 3 1dh sandatetheN G ezl |

sai d conpensator receiving output signals SI and SQ fromsaid I/ Q channel

m xer, ssalidticQERARIA Blocks MRERS| 3926 WA MANER! € D siMIMtEIhE TR MYEN
conpensating for the 5 m smatch of said output™signals Sl and SQ said

conpl e i i I C LVi i S d
compenaipbie Rbrp PRt hERry Pls SERGHE i iy} BRealfrs e i an
| F image signal and proyiding sajd extracted |F and |IF i nage signal at the
out put. B &80 i BRvale e SPadRls e SeamteR i wIged el dn by
conversion; 10 a feedback path conpri si ng a correlator, and a gain m smatch
est PmatBpck §4i3d3 Chisrusieslitorsirpelais qigegnlee fiber wheseomprshb@npls agrtbtpat h, sai d
correlator calculating the correl ati on between said desired extracted IF
and | F damygenssiteph abhilesal dexgedatomd HreatM hexdstctorad 16b areosied togsimukatgtize from
said correlator, said gain msmtch estinmator adjusting the gain |5 of said
first asmngsekdlteesgnsl MGActsalitbs iopatsibnal dreedbqeinspaich M €h of the
detecting, estimating, and canceling I/Q m smatches between said |1 Q m xers

and saichphp |k kigel (3@féﬁid Ard 81 9) &L‘Iﬁ@ém@nt@hr@th 5gﬁmreér Bhaemorwbémgie&posed

bet ween the output of said conplex filter signal 20 extractor and the input

of sai d.,cor } Wy I i I t of
he" corbfet SfocReer STEs Ful (RaEREI R | bha o BieeabBlRr IoBiad Snd 8B o
provide the input to the correlator;, and JJ . MEO1-010 second _conpl ex

D gl TaspectyRBposafeliti LR HEUGABIE wieckta HMciap eR et o) TOF GRap 1
extractor and the input of said correlator wherein the desired image |F |
and Q dsBlgalss Soat denealpba Bdbasmd Gerrcdemibeia BRPbeAlphRgastimater 33éacandv | | be
conbi ned as a conplex signal to provide the input to the correlator. 5 16.
The sel Betauasiinatoa@2beén Egured(coameaseddp sironlasy teegaiofmishetch éStimatoerdd n
said gain msmatch estimator is used to decide automatically the direction

of the jadjigsiel NIBRIcktIMRIgeRG)EBE@! Ratio 326NN Figueaiddh \i@slayd hd imaddejection
sel f-tuned i mage rejection downconversion system of claim 16, erein the

i r ect| Ao A Einfflhtt A0 MoREoveh TRMRABNANS BAULINK el oVfRScdrAplaR!

additive ané tractive. 18. The self-tuned inage rejection downconversion

d
hace ol el BT 1 SRBle U R T Al R R S b e 1O
oo At 20 3 PRAYR TS el RS o1 b e ESEERRAT, 217
achi eved, regardless of how large a 20 m smatch between said | and said O
channel exi sts.

The input signal sources are represented in Figure 3(a) by two frequency modulated
(FM) signals RF_mod_sig 324a and IM_mod_sig 324b which represent the desired RF
20 and IM signals, respectively. The carrier frequency of the desired RF signal is 2.4GHz

and the carrier frequency of the IM signal is 2.38GHz, thus the central frequency of IF

signal is 10MHz ((2.4-2 38)/2*103 MHz) The modulation signal for the RF carrier is a

24



20. The self-tuned inmage rejection downconversion system of claim 15,
‘V\/nerel n the I'1Q matching of said closed |oop feedback path is self-tuning.
34 | MEO1- 010 21. The self-tuned i mage rejecti on downconversion system of

claim (JQI\S/I \qh(g@[ei n said conplex filter signal extractor separates said
desire g)@t ed IF and I F i mage signal through the uses of a conpl ex

or ovi P BT PR RGRELE oy AR TheRRBaMNEh snati E el

systemwi th feedback for use in low intermediate frequency (I1F) receivers
wi t h hilgh sinfageve sieciared T at (feauesrpi Miiag theecentabiegreney) ofhevdotiplgx an
i nput signal conposed of the desired radio frequency (RF) and imge 10 (1M

si gnal jfiite}s BQURAE Fy er 0 MeizSer ditd PeAddeh B W isd DAaDMMA. | AZdUurge thguadrat ure
mxer I and Qand an | and Q (1/Q channel local oscillator (LO; 1 S c)

provi di a fragle filters RF
and IM@E@J%@%% {ié; nHé%agjhgge{l:t ?)fé%ﬂ)?%g des Ibléé)scz?oﬁlgllz&ﬁgeg er%/I signal to

the | F band extr i,ng ;said desired RF and | M. si X t uni the RF
andSt hed 0 T ebANAIRGs SERERATEY FeabrtyorROsARAon (AN e GebBIAy . & hus
20 separating the desired IF signal fromthe image IF signal; JS

| MEO1- 04'G=1e6 1994 andl X FAd 5888t Jetiiee theawknimoop atjmstng steptfocal toy Aeanodll t he

m smatch between said |/Q LGs and said quadrature mxers by enploying, via

a _corre{afpe. mﬁwhﬁur@ﬂidj@étﬁ‘@ QBp GharREt &pI=9t 0 €S| rPhetiitoldeihiiaton B Smthiinpoe
| F signals; and 5 f) utilizing a gain msmatch estimtor to continuously

adj ust t 1@ an of variable gain anplifiers (VGAs) A and B,
respect' P&‘e?@gﬂ ai aa"{?@i&sg?sd ged bet ween

10  The simulation results are shown in Figures 4(a) to 4(e) Curves 1, 2 show the
estimation of a, f in Figures 4(a), 4(b), respectively. From initial values 0, the
estimates of @ and g converge to the desired values of o' and g’ taking about
0.25 us . The output signal of the correlator, Curve 3, is shown in Figure 4(c) which

continuously decreases from 0dB to about —~38dB taking about 0 3 us . After that, it

15 converges and varies in a relatively small range Figures 4(d) and 4(e) show the results
of image rejection ratio with and without compensation, respectively. It can be seen
from Curve 5 that the IRR is only about 16dB without compensation while with
compensation, Curve 4, the IRR is continuously improved until an average 70dB IRR is

gained when the compensation converges. The settling time is about 0.2 15 t0 0.3 us.

20  After the stability of compensation, the feed back loop can be broken and then the

25



m xers | and Q and the conplex filter signal extractor, thus increasing the
image rejection ratio (IRR). 10 23. The nethod of claim 22, wherein the
desired IF |1 and Q signals at the output of the conplex filter signal
extractor are conbined into a conplex signal to provide the input to the
correl %gp The nethod of claim 22, wherein the image IF 1 and Q
signal s € output of the 15 conplex filter signal extractor are

conmbi neshwiahd ?a@h WOrkR! iarsogstaloobanpaevvisieh ke chRprévi e réid|€ MR ehat 804825
The nethod of claim 22, wherein said gain estimtor automatically decides

t he po j ive orientation of the adjustnment 20 26. The net hod of
claim %Eoﬁeggf%ﬁt&ﬁ% adj usting of the present value of a and ~3 depends on
t he previous value of a and ~3 and the previous input fromthe correl ator.
36

A Au. ALy. A&S% Af . A9r . Asn@0 A. @. AS. A&, . ALf.A'n,L. A A@®. A’ @ A@no Af hy. AFh_.
AS. AL. Ay. Af(,9.A .ALy. AL. A& A& A@. A3. A" HS9. Ay%A Ayy. AUr. A AGN IO
VYQeTzupkf a[ V] caV] ca] ca] ca] ca] ca] ca] caV] ca] caV] caV] ca] ca] ca] ca] ca] ca] ca] ca]
ca] &£a] ca] ca] ca] cLa] ca] ca] calArgleadraajtdaptamentation Ff 2S- N R

TYce} xsni d_ZU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca]caV]caV]ca]ca]c
a) ca] caV] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca! du;

KJQ pk" M 6} xsni d_ZU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caV] ca] caV] ca] ca] ca] ca]
ca] caVioulswrylroal erlirhleavheabaadaad ethe dlrepdsrf HckBGitd@>Hhthé voveartiVl | cal ¢

a] ca] ca] caV] caV] ca] caV] ca] ca] cal ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] caV] ca] ca] ca]

;%;gé?ﬂfqhg@&&%%f Igg’ﬂ(l:tg?ac [():Ig ca caﬁt %/])%ar]te% atecf cal ca] ca]
caj cal ca]: %Caegctﬁ% ]C)[alwgﬁlﬁaglecyaa\cgncfyl\ﬁﬁg%]r %]scal'ranscewer Design and T. H.

$[ BT &L

+t++!, ~ [[].0}xsnid_Z ca] ca]ca]ca ca ca] ca] ca] ca] ca] ca] ca] ca] ca
cal@a] é@ra@]/lclaf @éqwaf@%raaa]eé]a] lﬁﬂ] Ba]%gﬁ%@ ek '“@a]]tia!]l‘@i] cla]t @]é@eéjmkmgﬁ 01222]&
3| 33(4w44&5~55, 6} 666667d77

87 8888}thes nbdglé]@r]ar]cbﬁn]eoﬁuca]lsra]aw] est]roaipc aho bpoajptahestpdajsad] digjtaladicajtsa] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal 8?999: Z: :;
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4. The new invention can be fully integrated with low cost analog circuits. It can
easily be integrated into a single chip RF+IF receiver with very good image rejection
20 performance. Thus, the invented core can be widely used in low cost, low power, and
high performance chipsets, such as a CMOS Bluetooth and Wireless LAN transceiver

chipsets.
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said VGAs disposed between said 1/Q mixers and said complex filter signal extractor,

said closed loop feedback path used for detecting, estimating, and canceling 1/1Q
mismatches between said I/Q mixers and said 1/Q local oscillators (LOs).

15
2. The self-tuned image rejection downconversion system of claim 1, wherein said
correlator is used to calculate the correlation value between said extracted |IF and said

IF image signal which is used to detect the 1/Q mismatch.
20 3. The self-tuned image rejection downconversion system of claim 1, wherein said gain

mismatch estimator is used to decide automatically the direction of the adjusting of the

compensation gain of said VGAs.
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6. The self-tuned image rejection downconversion system of claim 1, wherein a high
10  image rejection ratio (IRR) can be reliably achieved, regardless of how large a

mismatch between said | and said Q channel exists.

7. The self-tuned image rejection downconversion system of claim 1, wherein the 1/Q
matching of said closed loop feedback path is self-tuning.

15
8. A fully integrated self-tuned image rejection downconversion system with feedback
for use in low intermediate frequency (IF) receivers with high image rejection ratio,

comprising:

20 aforward path, receiving a combined radio frequency (RF) and image (IM) signal
(RF+IM), said forward path comprising an | and a Q (1/Q) local oscillator (LO), a
quadrature | and a Q (1/Q) channel mixer, a compensator, and a complex filter signal
extractor, said quadrature | channel mixer receiving said RF+IM signal and a signal from

said | LO, said quadrature Q channel mixer receiving said RF+IM signal and a signal
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conversion; and

10 afeedback path comprising a correlator, and a gain mismatch estimator, said correlator
receiving the output of said forward path, said correlator calculating the correlation
between said desired extracted IF and IF image signal, said gain mismatch estimator
receiving a signal from said correlator, said gain mismatch estimator adjusting the gain
of said first and said second VGA, said closed loop feedback path thereby detecting,

15  estimating, and canceling I/Q mismatches between said I/Q mixers and said I/Q local

oscillators (LOs).

9 The self-tuned image rejection downconversion system of claim 8, wherein said gain
mismatch estimator is used to decide automatically the direction of the adjusting of the

20  compensation gain of said VGAs.

10.  The self-tuned image rejection downconversion system of claim 9, wherein the
direction of the adjusting of the compensation gain of said VGAs is both additive and

subtractive.
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12 The self-tuned image rejection downconversion system of claim 8, wherein a
high image rejection ratio (IRR) can be reliably achieved, regardless of how large a

mismatch between said | and said Q channel exists

13.  The self-tuned image rejection downconversion system of claim 8, wherein the

I/Q matching of said closed loop feedback path is self-tuning.

14.  The self-tuned image rejection downconversion system of claim 8, wherein said
complex filter signal extractor separates said desired extracted IF and IF image signal

through the uses of a complex filter with positive and negative frequency passband.

15.  Afully integrated self-tuned image rejection downconversion system with
feedback for use in low intermediate frequency (IF) receivers with high image rejection

ratio, comprising:

a forward path, receiving a combined radio frequency (RF) and image (IM) signal
(RF+IM), said forward path comprising an | and a Q (I/Q) local oscillator (LO), a

quadrature | and a Q (I/Q) channel mixer, a compensator, and a complex filter signal

extractor, said quadrature | channel mixer receiving said RF+IM signal and a signal from
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compensator, comprising two variable gain amplifiers (VGA), compensating for the
5  mismatch of said output signals Sl and SQ, said complex filter signal extractor receiving
signals SCl and SCQ from said compensator, said complex filter signal extractor
extracting an IF and an IF image signal and providing said extracted IF and IF image
signal at the output of said forward path, said forward path used for frequency
conversion,
10
a feedback path comprising a correlator, and a gain mismatch estimator, said correlator
receiving the output of said forward path, said correlator calculating the correlation
between said desired extracted IF and IF image signal, said gain mismatch estimator
receiving a signal from said correlator, said gain mismatch estimator adjusting the gain
15 of said first and said second VGA, said closed loop feedback path thereby detecting,
estimating, and canceling I/Q mismatches between said I/Q mixers and said 1/Q local

oscillators (LOs);

a first complex signal unit disposed between the output of said complex filter signal
20 extractor and the input of said correlator wherein the desired IF | and Q signals at the
output of the complex filter signal extractor will be combined as a complex signal to

provide the input to the correlator; and
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provide the input {o the correlator.

16.  The self-tuned image rejection downconversion system of claim 15, wherein said
gain mismatch estimator is used to decide automatically the direction of the adjusting of

the compensation gain of said VGAs.

10 17.  The self-tuned image rejection downconversion system of claim 16, wherein the
direction of the adjusting of the compensation gain of said VGAs is both additive and

subtractive.

18.  The self-tuned image rejection downconversion system of claim 15, wherein two
15 variable VGAs are used to eliminate 1/Q phase and I/Q gain mismatches of said 1/Q LOs

and said I/Q mixers, respectively.

19.  The self-tuned image rejection downconversion system of claim 15, wherein a
high image rejection ratio (IRR) can be reliably achieved, regardless of how large a

20  mismatch between said | and said Q channel exists.

20.  The self-tuned image rejection downconversion system of claim 15, wherein the

I/Q matching of said closed loop feedback path is self-tuning.
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5 22. A method of providing a fully integrated self-tuned image rejection
downconversion system with feedback for use in low intermediate frequency (IF)

receivers with high image rejection ratio, comprising the steps of:

a) providing an input signal composed of the desired radio frequency (RF) and image

10 (IM) signal;

b) downconverting said incoming RF+IM signal utilizing a quadrature mixer { and Q and

an | and Q (I/Q) channel local oscillator (LO);

15 c¢) providing a complex filter signal extractor made up of complex filters RF and IM,
thereby shifting the spectrum of the desired RF and IM signal to the IF band and

extracting said desired RF and IM signal,

d) tuning the RF and the IM filter to a central frequency +/|p and -1, respectively, thus

20 separating the desired IF signal from the image IF signal;
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5 f) utilizing a gain mismatch estimator to continuously adjust the gain a and S of
variable gain amplifiers (VGAs) A and B, respectively, said VGAs disposed between

mixers | and Q and the complex filter signal extractor, thus increasing the image

rejection ratio (IRR).

10 23. The method of claim 22, wherein the desired IF | and Q signals at the output of

the complex filter signal extractor are combined into a complex signal to provide the

input to the correlator.

24. The method of claim 22, wherein the image IF | and Q signals at the output of the
15 complex filter signal extractor are combined into a complex signal to provide the input to

the correlator.

25 The method of claim 22, wherein said gain estimator automatically decides the
positive or negative orientation of the adjustment

20
26. The method of claim 22, wherein the adjusting of the present value of aand 3

depends on the previous value of a and 8 and the previous input from the correlator.
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