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conmmuni cat i AREW WIgkB A1 MONELITHION WieABSS HIGROSNOTEH VETERFORIMVRIGE required to
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1. Field of the Invention
The invention relates to high performance wireless transceiver circuits, and more particu-

larly to an on-chip bandstop and bandpass CMOS fiter fully integrated into one unit where all

inductors are integrated on the chip.

2. Descriiation of the Related Art
With the growing market in wireless communications, high performance wireless trans-
ceiver chips are required to meet the demand of high data rate and wide-band services. This devel-
opment has driven the wireless industry to develop new design techniques for the transceiver,
Architectures such as low intermediate frequency (IF) receivers and zero-IF (direct conversion)
receivers have been proposed to overcome problems in classical superheterodyne receivers. Refer
to
e ], Crols and M. Steyaert, CMOS Wireless Transceiver Design, Kluwer Academic Publishers,
1997, pp. 13~19. and pp. 63-66;
o T.H. Lee, The Design of CMOS Radio-Frequency Integrated Circuits, U.K.: Cambridge Univ.
Press, 1998, pp. 350-559;

w» B. Razavi, RF Microelectronics, NI: Prentice Hall, 1998, pp. 122-129, 138-143;



J...Crol s -and-M Steyaert, "A Single-Chip 900Miz CMOS Receiver Front-End wth a
I-l1igh Performance Low | F Topol ogy," |EEE Journal of Solid State Circuits,
vol. 30, no.] 2, pp. 1483- 1492, Dec. 1995. The low IF architecture in J.
Crols and M Steyaert, CMOS Wrel ess Transceiver Design, and "A single-chip
900MHz CMOS receiver front-end with a high performance | ow|F topol ogy" as
ref erenced above, conbi nes the advantages of both the superheterodyne and the

zero- | P I 2CRIKl and M kG, ACH VB0 AROELBE IBOSR: RS-l A9 dsgh degree of

i ntegration. The nai'n problem ow | F receiver ist iculty to

attain hi ghplRge.d EBhvefl TRRosy rbﬁemn%aga@aii@gm@ b8k S0PRE/QN 2. ROJ¥Rhase

filters have been invented to reject e image signal 1nTow I'F receivers, the

i mage rejegiorofk. @50 (I RR) provided by these nmethods is very sensitive to

| (Q anpl i tude i nbal ance and phase m smatch of the receiver path. As a result,
the current low IF receivers only can attain about 30-40 dB inage rejection.
The direct conversion architecture in T. H Lee, The Design of CMOS

Radi o- Fr equenagye lowvit agiirtied i1J. COW 48 M. 8R¢heB. CNROZ relessRFMs&h0Rb&E:r ONni cs, as
referenced above, alleviates the prob- |Iemof inmage rejection and has good

per f or manad “Wisinble-ahis AEINHNOIOS rdckiges fient-dnd ghth b higk pérfokfanaBwl D WpogyPl exi ty.
However, it possesses sone other serious problens such as DC offset, flicker
noi se, | #2eimomkd rhows. cahitsies fie kdvantagen df ®t thrsupeiheralypesrk diceendl Reciv@cei ver
perhaps is the nost commonly used transceiver architecture in wreless
i ndust ry. Itpap aphi¢vgseedaedermiapref§ well as blghadegrgeral ntegeatips). | Thetmaimqrotidid §f thencl udes a
bandpass filter(BPF) 11, a low noise anplifier (LNA) 12, an inage rejection
filter (IWRIEycagrisghestiffiediyietap Yabiapgertitctien. Although complex filters and/or

polyphase filters have been invented to reject the image signal in low IF receivers, the image

rejection ratio (IRR) provided by these methads is very sensitive to I/Q amplitude imbalance and

phase mismatch of the receiver path. As a result, the current low IF receivers only can attain about

30-40 dB image rejection.

The direct conversion architecture in T. H. Lee, The Design of CMOS Radio-Frequency
Integrated Circuits, and B. Razavi, RF Microelectionics, as referenced above, alleviates the prob-
lem of image rejection and has good performance with a small noise figure, high linearity and low
complexity. However, it possesses some other serious problems such as DC offset, flicker noise,

IP2 nonlinear distortion, and so on.

‘The superheterodyne receiver perhaps is the most commonly used transceiver architecture in
wireless industry. As illustrated in Figure 1a (prior ért), it normally includes a bandpass filter(BPF)

11. alow noisc amplifier (LNA) 12, an image rejection filter (IMR-F) 13, also called a notch filter,

™~



2..and a.downconversion mxer 14 in the RE band. In nost RF applications the

i mage signal can be over 60 dB higher than the desired RF signal, so the
overall image rejection ratio (IRR) nust be 60 to 70 dB as per B. Razavi, RE
M croel ectronics, above, to nmake the receiver function properly. Due to
unavoi dabl e process and tenperature variations, the current integrated inmage
rejection mxer only can attain about 30 dB of image rejection. The other 30

- 40 dB ofnq h BRERovELSBE @M 1A RY bRRY. HADE RPY B RRIAY OS85 dHBge rej ection
filter between the LNA and m xer. The current RF filters wuSed for band

sel ect i onyvaiyl dBIHREE thaiiRCediRA RALRNATBL RleYsv@ilf infH 1Biedtich kb JIRIRY kRs:@eE@M ¢ and SAW
filters, these types of filters are usually bul ky and very costly,

furt her mop g dB Re¥r BRIz RAMERHEN AR, 8038 o mBRMIEUHIRIVBDNLLBRPWSParlyMOr €Over, they
need i npedance nmatching both at the input and output to work well. These

extra corsieft@int@ddbR e cke afifehFRATEthrafonk N Rfref etichkdiMiyedgedigmed t he
follow ng m xer design. To solve these problens, and to achieve a fully

i nt egr at aghly daoanatiasbut 30 ORoHIMMES rejadtidn. STHR@HRr 30ChiDEB A TIQe fefcefiaaREY bk Nt egr at ed
circuit (RFIC) solution, the present invention proposes an on-chip bandstop
filter (fdonebynmgyirgjaeRF iroag) reguadorfdripassn fhe LNArand hbver. beba dursat BE filedn)
integrated into one unit 15, as illustrated in Figure 1 b. By adding an LC
t ank i nt ostdfer wod plectionane wiaggreiretonarekmaitly efftclhiplflters G commiching Shwrdeass fil ter
can be realized. To further inprove the filter performance a Q enhancenent
circuit chee eesps Brery B vyl gndofent deall yofurtbippaars. theyl arcerro! infegratahle afidl | owi ng
recent arti- cles, on-chip notch filters have been proposed to reject the

i mage si gWATUME IR Wea Vgt e Hey ngebiEnpedrategentching bpthaethe inpyt apdeuimit temnce:

work well. These exira constraints have to be imposed on the preceding 1.NA design and the

following mixer desian.

To solve these problems, and to achieve a fully integrated, low cost, low power and single
chip radio-frequency integrated circuit (RFIC) solution, the present invention proposes an on-chip
bandstop filter (for image rejection) and bandpass filter (for band selection) integrated into one unit
15, as illustrated in Figure 1b. By adding an LC tank into the output matching network of an LNA,
an on-chip bandpass filter can be realized. To further improve the filter performance a Q-
enhancement circuit can be used for Q-tuning of the bandpass filter. In the following recent arti-
cles, on-chip notch filters have been proposed to reject the image signal, which can provide goed
noise and linearity performance:

+ Chunbing Guo, A. N. L. Chan, and H. C. Luong, “A Monolithic 2-V 950-MHz Bandpass
Amplifier with A Notch Filter for Wireless Receivers,” IEEE Radio Frequency Integrated Cir-

cuits Symposium, 2001, pp.79-82.
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Chunki ng-@ue, A.-N. L. Chan, and H C Luong, "A Mnolithic 2-V 950- MHz -
Bandpass Anmplifier with A Notch Filter for Wrel ess Receivers," | EEE Radi o
Frequency Integrated Cr- cuits Synposium 2001, pp.79-82. Yuyu Chang, J.
Choma, Jr. and J. WIIls, "An Inductorless Active Notch Filter for RF |Inmage
Rejection,” Proc. IEEE Int. Synp. on Circuits and Systens, 1999, pp. 166169. e
H Samavati, H R Rategh, and T.H Lee, "A 5-GHz CMOS Wrel ess LAN Recei ver
Front End, V.| EEE nal of .G Sta ircuits,..val_.. 3 .5, May 2000,
pp. 765-772) uﬂ@ﬁ'aﬁég%hrog&% a‘édﬁﬁwsE Aﬁnﬁ‘é"%ﬂeﬁl&h‘ﬁd@t}o&% Ei“’]itelr?déﬁ 318?gei mage-r ej ect

appl i cati on ' ~6hi ' rs,." L ORLkES s, March 1, 2001,

vor. 37, No?ﬁ%‘?""*&g." %g’alg%%é',gyg'g‘% %@38?%%8%2?%3%&%& "P. Schvan, "A 2.5GH
lithig sikicon: iei i ol tegrated G rcuit

ot e oncy, il Bk RGkat g £, pee HELOAOBROSHIIATL KVREE B B8 PV 1 ©

I ntegrated %,8» ¥oktioaGlizr sigpablee il X j 8c Lkder, " | EEE Radio
Frequency | n'?egrat e& Crcul tg §yr§3§§?ﬁ°ﬁﬁe§5§’o§ﬂ“a§gb%?£3$ gzhce usual ly low Q

| NUCH O Su A URRLL hate2 AIESHUPnRh 4 RPLAD: [l BlRabhC Al NGO @ @
enhancenment circuit I's necessary because It WO d nprove e e(ﬂ’w val ent Q
val ue of t hpafcidrd eflectBlcs [REHE Q¥RcHA, l%{. INNLE shespogse. A though a sinple

Q enhancenent circuit is cheap to inplenent, it needs a |large DC bias current

to achi eve aveed MAtpadd Add@ SdhesPONSSaHERbndifiSsl SRR ruR, RYe 95 ment of a
notch filter with a | ow conplexity Q enhancenent circuit and a sna bi as

current is gefon négladbh&iits Chnfére@eipperozdegi gn. The frequency tuning of a notch
filter can be inplenented by incorpo- rating varactors into the LC series tank

circuit of §keM®beds ikt Py, “ANRnpRRACLEAICE1 0N ok BELE MsLIE #age Reject

Netch Filter.” IEEE Radio Frequency Integrated Circuits Symposium, 2001, pp.75-78.

Since vsually low Q inductors are used in the design of 1.C notch filters the adding of a Q-
enhancement circuit is necessary because it would improve the equivalent Q value of the filter and
achieve a deeper notch response. Although a simple Q-enhancement circuit is cheap to implement,
it needs a large DC bias current to achieve a good notch filter response. For this reason, a develop-
ment of a notch filter with a low complexity Q-enhancement circuit and a small bias current is very
valuable in receiver design. The frequency tuning of a notch filter can be implemented by incorpo-
rating varactors intc the LC series tank circuit of the notch filter. The capacitance of the tank can
then be changed by varying the tuning voltage across the varactor. Unfortunately, it is observed that
for a specified choice of tuning voltage, only an optimal current value exists to give the deepest
notch response. That means for a different tuning voltage to attain the deepest notch at a corre-

sponding frequency, different currents are required. The desired notch filter is the one which can



then-be-changed by varying the tuning-vol tage across the varactor. e
Unfortunately, it is observed that for a specified choice of tuning voltage,
only an optimal current value exists to give the deepest notch response. That
means for a different tuning voltage to attain the deepest notch at a corre-
spondi ng frequency, different currents are required. The desired notch filter
is the one which can 4 achieve a deep notch during a wi de frequency band. To

sol ve t hi ghigtefle8iRotch d0AYY 4 A¥ERuRy bMdCRARIR hilfroblbASa fW kR4t OMati cal Iy
with the tuning voltage is proposed. In the literature sone I ntegrated inage

rej ect i oncthdetirsas QhirredOdutliatitally Q%S tHa AhehgRERIZe isFRIpBseameNt €d for RF o
applications: In Chunbing Guo, A N L. Chan, ang H C Luang, "A nonolithic

2-V 950- MHz bandpass anpli- fier with a notch filter for wireless receivers”
as referenced above, a nonolithic 2 V 950MHz notch filter has been integrated
W th a bandpasstht Néraiuie dm0irfegrcdiatze Rt QUESHIters AnSLICARANGOMRES inglid.cUi t has been

adopted to conpensate the low Q inductor loss. The notch filter can achieve
50dB i mageemal fedth applidaudnsconsunes a DC current of 25mA. An inductorless active
notch filter working at a central frequency 1.482 Gz is designed in a 0.5 tm
CMOS pr ocbg3uibingXanpuA A dn §handandCh 6r bepng.JA. manlithid 2- W 30HeHz béddpdsnguat or | ess
active notch filter for RF image rejection”, as referenced above. The notch
filter utilizds athapstciltenfpraviclmenteivest mreweacet ebwve racumekhic 2tthe | ow Q
characteristics inherent in the designed feedback circuit, which can provide
i mge signal StPpercighdiferdas gn gB:rapgwen @bandpiss Lévie s 0.5gon@MBPpioosss.of 35 MV i s
hi gh.
A Q-enhancement circuit has been adopted to compensate the fow Q inductor loss. The
notch fiiter can achieve 50dB image rejection but consumes a DC current of 25mA.
An inductorless active notch filter working at a ceniral frequency 1.482 GHz is designed ina 0.5
pm CMOS process in Yuyu Chang, J. Choma, Jr. and J. Wills, “An inductorless active notch
filter for RF image rejection™, as referenced above. The notch filter utilizes a two Q-
enhancement technique to circumvent the low Q characteristics inherent in the designed
feedback circuit, which can provide image signal suppression of 70 dB. However, its power
consumption of 35 mW is high.
In H. Samavati, H. R Rategh, and T.H. Lee, “A 5-GHz CMOS wireless LAN receiver front end”, as
referenced above, a 5 GHz notch filter integrated with an UNA and used for a wireless LAN
receiver has been implemented in a standard 0.24 um CMOS process. 8.4 mA of current is
used for both LNA and notch filter at 2 V Vdd. Only 12dB image rejection is achieved,
An LC notch filter working at 1.1 GHz is implemented in 2 .35 pm CMOS process in M. H.

Koroglu and P.E. Allen, “LC notch filter for image reject applications using on-chip indue-



In—-H- Samavati, H R Rategh, and T.H Lee, "A 5-GHz CMOS wirel ess LAN receiver
front end", as referenced above, a 5 GHz notch filter integrated with an LNA
and used for a wireless LAN receiver has been inplenented in a standard 0. 24
gm CMOS process. 8.4 mA of current is wused for both LNA and notch filter at 2
V vdd. Only |2dB image rejection is achieved. An LC notch filter working at
1.1 Giz is inplenmented in a 0.35 |tm CMOS process in M H  Koroglu -and P. E.

Al'l en, "LC notddT, fsirdféeced Movd. MBGRcoh@jcBE basaPRlehiGadch Rk irtiis A8 uA-6diR | nduc 5
tors", as referenced above. Transconductor based Q enhancenent circuits are

used and i m agacjediofaftdr Qurikd i€70dR. Th tufiéht EdhsuiidiBn isThe 6adN rent consunption is
over 6mA. A 2.5GH Monolithic bipolar imge rejection filter has been

i mpl enent gd.SiGHz Mondllahie tipoladvinageaiectioh e hastach iRipledeivdin,J. Masedo, $Gd8pgronol i t hic
silicon reject filter", as referenced above. Using 0.8 m Bi CMOS technol ogy,
the filter i slandtzed)P dichenWiatds GHzm@GHkiclsiNborasjdct fiter” a6 hifedred 4b6td @fsinghan 50dB

i mage rejection. The DC current consunption is 3.2 mMAat 3 V. A5 Gz

i nt egr at ed no®@mof BICMOS thaisolbpyethe fikalid ineghatedwith CROPHOLEA andvah hclf@e GHz f, in J.
W M Rogers and C. Plett, "A conpletely 1.8 Volt 5GHz tunabl e i nage reject
notch filter" betgsthrefodBangacgdtiab heDC kirreobronsuohiievie 3.Z0aBati3rfage rej ection with
a current consunption of 4mA. The noise figure is 4.2dB. In US Patent

6, 072, 376A(NEIzSnrypakd noech fidtkr. Hps bean reali 2 infdibé @bcebSwieosmeaes geh t w. & LNA for
elimnating a disturbing signal (e.g. inmage signal). Both inpedance matching

and noi se i QRbgRHENPIOE “Abbhowt 1USVIMBGRR ik Bh Rk AAVEAeaB-ashireved and
ha@ OW- noi se characteristics.

erenced above. [t can achieve 70dB image rejection with a current consumption of 4mA.
The noise figure is 4.2dB.

In US Patent 6,072,376 (Matsuyoshi et al.), a notch filter is connected to a LNA for eliminating a
disturbing signal {¢.g. image signal). Both impedance matching and noise figure matching
without using an isolator have been achieved and has low-noise characteristics.

In US Patent 67285,865 {Vorenkamp et al.) and US Patent Application publication 2001/0008430A1

“System And Methods For Providing A Low Power Receiver Design®, an integrated re-

ceiver with channel selection and image rejection is substantially implemented on a single

Mt

CMOS integrated circuit. The receiver front end provides a programmable gain low noise
amplifier followed by frequency conversion circuits. Frequency conversion circuits use LC
filters integrated onto the substrate in conjunction with image reject mixers to provide suffi-
cient image frequency rejection. Filter tuning and inductor Q compensation are performed

by two on chip phase locked loops (PLL).



I'n-US Pat-ent -6, 285, 865 (Vorenkanp et al.) and US Patent Application
publication 2001/ 0008430A1 "System And Met hods For Providing A Low Power
Recei ver Design", an integrated re- ceiver with channel selection and inmge
rejection is substantially inplemented on a single CMOS integrated circuit.
The receiver front end provides a programmable gain | ow noise anplifier

foll owed by frequency conversion circuits. Freguency conversion circuits use

LC fil te{rn%sil’%{eﬁ@;ﬁfl,??h @&tg@m,tmdigwa@e]g@tfﬁmi-&d%mpf;&afofQmwmgkbaﬂlﬂﬁagﬁ rej ect

m xers to provide suffi- cient image frequency rejection. Filter tuning and

i nductor Q copeNsatkGRxa! @d REHH QhiRere Bikel MesBibet MR IARSErRCKEE,. | 00pPS
(PLL). 6 In US Patent 6,351,502 (Zargari), a radio-frequency front-end,

conprised of audiONonR] S fablikd: [s@buplddlidil LNA ahll bivetl ieBimplifidtgdeedad | / Q
guadrature m xer is described. The LNA anplifies has in- ductive |oads. The

first nmxer isigebdupheterhediithRedubldy ARpsiGaNIAE fit hixer MFPhd hirbvdiegei ved si gnal
to an internediate frequency (I F) signal. The first m xer al so has inductive

| oads. The f iThefirsiffregepnenic yhosm sadhobe an mughfiddnaicy aith ilvrgecfanéte@dcy Wi th the
carrier and the fre- quency of the LD signal is outside the bandw dth of the

i nduct i ve | oadgenef ofthed O pkal iT hrgsidd thapagdividth af the edndtivefoadswif the@NACAwert s t he
anplified received signal at the IFto |l and Qsig- nals. In US Patent

6, 374, 094 ( ZapRakedraturg 8xer Qirthrs penyeiestthe amplifiedaecrived sigmirigitiredF itohandf) sig-gn | ¢ cu
ators ad gair | n RF bandpass filters is presented, which can selectively
not ch out sub®ands of the two cel -

C} In US Patent 6,374,094 (Zappala) [15], 2 new architecture of a combination of signal circulators and
RF bandpass filters is presented, which can selectively notch out sub-bands of the two cel-
lular bands in a cellular radio receiver. Thus the sub-bands can be separately directed to a
radio capable of receiving either the A or B-band signals.

In US Patent 6,127,962 (Martinson)[16], a downconversion image rejection mixer is invented, It
includes two signal path. The one signal path has a bandpass characteristics centered at the
input signal frequency interestec, and the other signal path has a bandstop characteristics
centered at the same frequency. By choosing one or the other path, useful signal can be

i_} downconverted but the image signal will be rejected.

In US Patent 5,625,307 (Scheinberg) [17], a low cost monolithic GaAs upconverter chip for CATV
receiver is invented. A novel Gilbert type image-rejecting mixer circuit integrated with two
matched inductors is used for image rejection. On chip image rejection filter also have been
applied in integrated TV tuner,

US Patents 5,737,035 (Rotzoll) and US Patent 6,177,964 (Birleson et al.) describe circuits similar to

US Patent 5,625,307 (Scheinberg) above,



| ul ar- bands in-a-cetlul-ar--radi-o receiver: Thus the sub-bands can be separately
directed to a" radio capable of receiving either the A or 13-band signals. In
US Patent 6,127,962 (Martinson)[l 6], a downconversion image rejection m xer
is invented, It includes two signal path. The one signal path has a bandpass
characteristics centered at the input signal frequency interested, and the

ot her signal path has a bandstop characteristics centered at the sane
frequency. By choosi ng one gumMiMervOreHERtENTUREf Ul Ssignal can be
downconverted .but the inage signal will be rejected. In US Patent 5,625, 307
(Schei nberg) [171, a |l ow cost nonolithic GaAs upeonvertrr chip for CATV
receiver is invented. A novel Gl bert type inmage-rejecting mxer ircuit

i ntergrated wiidenbobject ohalabiede ntddiaieores thi reseacidvdntsn th pREEe k 8jd@Bdnion. On chip
image rejection filter also have been applied in TV tuner, US Patents

5, 737, 03 Bigh-Q Rotlridiet yhignchn BS{uRa iresgtated Wi TovOG4t anBbyg tiesin et al . ) descri be
circuits simlar to US Patent 5,625,3 )07 (Schei nberg) above, 7 SUMVARY OF
THE | NVENTION It is an object of at |east one enbodi nent of the present
invention to provide a wi deband high-Q notch filter which can be fully

i nt egrat ed w fths dnpiherobiset ohihe bosgnicivepiigntig provitle 4 widelmod higle R nofsh Gtdr vaifcht he present
invention to provide a wi deband hi gh-Q notch filter which can be easily

i nt egr at edn phtaglygniggreied ipjoa stolle ghiRREAIE recelveriwitirvenigodrl inegyreiggivd. | mage rej ecti on.
It is yet another object of the present invention to provide a w deband high-Q
notch filter

U It is yet another object of the present invention to provide a wideband high-Q notch filter

which can achieve a high image rejection ratio in the range of 60 dB.

It is still another object of the present invention to provide a wideband high-Q notch filter

which only degrades the noise figure slightly (0.5~ 1 dB).

It is a further object of the present invention to provide a wideband high-Q notch filter
which can be used in commercial wircless communication applications such as GSM, DECT,

cordiess phones, CDMA ete.

i\.vﬂ/:

o
; f

Itis yet a further object of the present invention to provide a wideband high-Q notch filter

which has a good image rejection in a wide tunable range sujtable for wideband high rate wireless

communication applications.



whi-ch- can-achieve a high inmage rejection ratio in the range of 60 dB. .P It is
still another object of the present invention to provide a w deband hi gh-Q
notch filter which only degrades the noise figure slightly (0.5 - | dB). Z~
It is a further object of the present invention to provide a w deband hi gh-Q
notch Um which can be used in comercial wreless comunication applications
such as GSM DECT, cordless phones, CDVA etc. It is yet a further object of

the: present i RVesitia@RhECOHREOFEQrdeidahang pmvgﬁa@nﬁbgﬁrﬁhnghl-(b h&En fithi ch has a
good image rejection in a wide tunable range suitable for wdeband high rate

W rel.ess whepdor ) i6RiciotireipRgrate@intodRiSoircdit dokd high i8ideIdjecliod tihbb @%aiRR) ect of the
present invention to provide a w deband high-Q notch filter where |ow Q

inductors are integrated into the circuit and high image rejection can be
retai ned. These and many ot her objects have been achieved by providing a
monol i t hi ¢ wi dbdsaad many nthbd objebts Yive Qeenmetgeved By wotidiona motctithid widétand The proposed
notch filter is essentially a LC series resonator circuit which is integrated
with a di fufabiedmghiGimagomjerimnsetcafipdri ThegropokaiAptch Altdr Wuesshitedie a LENAIRI rcuit is
enpl oyed where the first stage is single ended and the second stage is
di f f er ent fesdratorcircyihalrieh ibptelgrated agrb ¢ deifesnihit ffvenoisainplifier BNA)e Acthvo shgge, t he
wel | - known cascode anplifier with inductive degeneration is selected for
better relé iyl isginphnediep: hofimiotegeribdogl nided herthnieeond Blage it diffedasial or

where both stages are differential. For each stage, the well-known cascode amplifier with inductive

/K,} degeneration is selected for better rejection of on-chip common-mode interference. Due to the

resistance of the inductor, the Q of the on-chip inductor is commonly very low (around Q=4~6).

Two Q-enhancement circuits are combined to generate sufficient negative impedance to compensate

for the loss in the on-chip low Q inductors. Only a small bias current is required for the notch filter

to attain a deep notch response. To improve the image rejection of the noteh filter in a wide fre-

quency band, a novel automatic current tuning technique is applied, Furthermore, by modifying the

connection and location of the tunable varactor, another wideband tunable notch filter is imple-

mented. All the invented notch filters can be fully integrated in CMOS for other, e.g., Bipolar,

BiCMOS, 8iGe etc.) IC technology and applied in all wireless receiver systems including GSM,

(\__’/

DECT, WCDMA, CATV, Bluetooth and Wireless LAN etc.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1ais a high level block diagram of the prior art.



resistance.of .the inductor, the Q of the on-chip inductor is comonly very | ow
(around Q@=4--6). Two Q enhancenent circuits are conbined to generate
sufficient negative inpedance to conpensate for the loss in the on-chip |ow Q
inductors. Only a small bias current is required for the notch filter to
attain a deep notch response. To inprove the inmage rejection of the notch
filter in a wide fre- gquency band, a novel autonatic current tuning technique

is applie urt her nor by nodi fying the connection and |ocation of the

t unabl e-vgpa@t%?ggléﬁg?ﬁ@k%%% RORABYE RSBt ch filter is inple- nented. All
the invented notch filters can be fully integrated in CMOS (or other, e.g.,
Bi polar, BIiCMOS, SiCGe etc.) IC technology and applied in all wreless

receiver S Lackudl fpgﬂqif y@@p% d oth and Wreless LAN
etc. BRI E@ﬁglfég?lk’ﬂq&% g}g?%ﬁ,&w NGS  FI G f?]gﬁ}%/mgﬁkﬁlﬁg IQI evel bl ock diagram
of the prior art. 9 FIG Ibis a high level block diagramof the present
invention. FIG 2a is a block diagramof a first preferred enbodi nent of the

present i peny ik @Bircuit WaSFam 2Pk BrsPLIGA bERIGE 2.di agram of the first LNA of FIG 2a.
FIG 2c is a circuit dragramof the second LNA of FIG 2a. FIG.2d is a

circuit diagramof the Q enhancenent circuit of FIG 2a. FIG 2e is a circuit
di agram of -the tunable current source of FIG 2a. FIG 3a is a block diagram

of a secong. pyieh BrduR diaglRQHIERREndINA SreFi@resent invention. FIG 3bis a
circuit diagramof the Q enhancenent circuit of FIG 2a.
", FIG..2d is a circuit diagram of the Q-enhancement circuit of FIG. 2a.
FIG. 2e is a circuit diagram of the tunable current source of FIG, 2a.
FIG. 3a is a biock diagram of a second preferred embodiment of the present invention.
FIG. 3b is a circuit diagram of the Q-enhancement circuit of FIG. 2a.

\\_ } FIG. 4 is a graph of the bandpass and wideband notch filter response of the circuit of FIG. 2a.

FIG. 5 is a graph of the bandpass and wideband notch filter response at an RF frequency of

2.45GHz of the circuit of FIG. 3a.

FIG. 6 is a graph of the bandpass and wideband notch filter response at an RF frequency of

3.25GHz of the circuit of FIG, 3a.



FIG -4 is a graph of the bandpass-and w deband notch filter response of the
circuit of FIG 2a. FIG 5 is a graph of the bandpass and w deband notch
filter response at an RF frequency of 2.45GHz of the circuit of FIG 3a. FIG
6 is a graph of the bandpass and w deband notch filter response at an RF
frequency of 5.25GHz of the circuit of FIG 3a. 10 FIG_ 7a is a bl ock diagram
of a third preferred enbodi nent of the present invention. FIG 7b is a
circuit di@orAm %cktcn%ratﬂ Jf%tthuld%fé?ifed B3 dindd oﬂe%reszﬁ iventBp i rcui t di agram of

t he second LNA of FIG 7a. IS a circuit ‘diagram of the Q enhancenent
circuit of FIG 7a. FIG 8 |s a graph of the bandpass and notch perfornmance of
the circuit of FIG 7a. FIG 9 is a graph of the noise figure of the circuit
of FIG 7HG.H i&u cildit dBgram@f @aphrsofNA bEFIdi ff erential out put phase of the circuit
of FIG 7a. FIG 1 | ais a polar graph of the input matching of the circuit
of FIG 7a. () FIG | 1 b is a graph of the output matching of the circuit of
FIG 7a. Use of the sane reference nunber in different Figures indicates

sim | ar OFIQ Vdiea atceirgingram oDESERIARTINANGR:, THE PREFERRED EMBODI MENT it First
preferred enbodi nent: a w deband notch filter with automatic tuning A first
preferred enbodi nent of the inventive notch filter integrated wwth an LNA is
shown :
FIG. 7d is a circuit diagram of the Q-enhancement circuit of FIG. 7a.

i} FIG. 8 is a graph of the bandpass and notch performance of the circuit of FIG. 7a.
FIG. 9 is a graph of the noise figure of the circuit of FIG. 7a.
FIG. 10 is a graph of the differential output phase of the circuit of FIG. 7a.
FIG. 11a is a polar graph of the input matching of the circuit of FIG. 7a.

{ } FIG. 11b is a graph of the output matching of the circuit of FIG. 7a.

Use of the same reference number in different Figures indicates similar or like elements.

DESCRIPTION OF THE PREFERRED EMBODIMENT



4 in high | evel Dbl ock diagramfoermin Figure 2a and will be further described
inthe followng text with reference to Figures 2b, 2c, 2d and 2e. Figure 2a
shows a first stage LNA 22 with input port WVIN, a differential output coupled
via termnals X and Y to a simlar second stage LNA 24 with output port VOUT
(terminal 2 and terminal 3). Coupled to LNA 24 via termnals A and B is notch
afilter '26. The notch filter is connected both directly, and via tunable
current source Z%Irstpeerreg)emboaz%ett a Wi and lﬁehﬁler*w‘/\ﬁ)au%)ma%c: LlNA design is .
enpl oyed to achi eve tré req gai foand noi se Fl flas 12 power gain
of 20-25dB and small noi se f| gure (<4dB) I n each stage the differential LNA
design is adopted, so that it can sufficiently reject on-chip conmon-node

noi se. The fi Adlrst ptedegred ¢rdbad@dRnt csighe inviedtive totelt abr integlaied witk a2 DNA ¢shewnst s of t he
cascode transistors X] -X4, with two LC tanks connected at the gate and

sour ce 4deigbizk feat!ibok @rgysm (e ibigdrhiea dnd dilChedishet Fesaibed inlke foll@idgamk conmponent s
are 16 selected to resonate at the desired RP frequency. The first stage LNA
coupl es t with hlres@co fidurst Zhgee. 2d #iA 22 FFighralachpacd firgrseig LNA €2 with thptgomi nal s X and
Y, respectively. The second stage LNA 24, as illustrated in Figure 2c, has

t he sane ¥V adiffgrentizheutpuy eovpled gin imm@ex@mY td ¢ sinilay serderbstage ANSi24twdth  X5- X8,

i nductors Ll-L4, and capacitors C3-C4. The DC bias voltages are provided by

t he resi SQW%PWQ@T (trmiog) 2 rd termipal 3p; %@P@éu FDrIé‘ﬁ"e 24 ¢a srovdlelé dndoy istnhigh cur r ent
sour ce SRCI for_the first and secon respectively. . 12 A

di f f er ént g 2$a"ﬁhf= neteh filfes s Ci’f‘é’é“dedi h?thtqlféctbfo%né Hlaﬁlfm?feﬁur@et sgecE3 &y torierupeprt The not ch

fi I<t)er i nga{ﬁ A

A two stage LNA design is employed to achieve the required gain and noise figure. It has
12 power gain of 20-25dB and small noise figure (<4dB). In cach stage, the differential LNA design is
adopted, so that it can sufficiently reject on-chip commeon-mode noise. The first-stage LNA 22, as
illustrated in Figure 2b, consists of the cascode transistors X1-X4, with two LC tanks connected at
the gate and source degeneration provided by the inductors L7 and L10. LC tank components are
16 selected to resonate at the desired RF frequency. The first stage LNA couples to the secend stage

INA 24 via capacitors C1, C2 and terminals X and Y, respectively. The second stage LNA 24, as

l’/ - K
A—

illustrated in Figure 2¢, has the same structure as the first stage LNA. It includes iransistor X5-X8,
inductors L.1-L4, and eapacitors C3-C4. The DC bias voltages are provided by the resistors R5-RS,
20 RI1-R4, the bias current is provided by the current source SRCI, SRC2 for the first and second

LNA, respectively. .



and--B. coupl-e-t-e--t-he-drai n-out puts--of--transistors X7 and X8. The notch filter
consists of transistors X9-X12, two on-chip inductors X14 and XI5, capacitors
C7-d 0 and an on-chip varactor V13 4 (differential nodeling). The series LC
resonator (conprising on one side X14, X9, C8, and V13 and on the other side
X15, X10, C7, and VI3) is resonant at the inmage frequency (which is two tines
| F away fromthe one of the main useful RF signal). Capacitor C9 and Cl10 are

used to adj ust giddh&nudiLSAUEnS Ysedl _ t he conpl ete
LNA and notch fdiltheF l(’:)or e.ﬂg Aﬁ’ﬁf;ﬁr}[&ﬁc{ﬁﬁ?ﬁﬁéﬁ?@%@?i}%& ;Eﬁrsté??}l I&Ifszi es that the

series LGui@sefdd @iheQfalhgphisr 2chsBoROUGRE X8, TIRERRN FHS bRELSF #RERLPT Opor ti onal
to the gof X9 and X10) which is used to conpensate for the |l oss due to the

equi val enk9-Kes ined GRee iffucloREX12RnCRI 5 cdphdid@icarC 10 ¥ddhantRd )l MaketoBy13car ef ul
adjustnment of 12 g,,, through the bias current, sufficiént negative resistance

can be sgeg@gfeahel mbeelie AN TR setildd. 0 @SN bARGGrisinDod AR IdBHUL BN cg RENGE | NCrease
considerably the effective quality factor Q of the inductor. The

Cr 0Ss- conamdeh ed other side t AL 1] CRahd VIS iskesontinPat ki itgR el Rn@QRRLRLQwWHOr € Negative

i npedance to further cancel the inductor resistance. Simlarly, by tuning the
bi as cur rémnds I hwaydgh the gne bhibe meigatdful @ Frigadls Chfacitaiioany alitige pi-odugpe by X |
and X12 can be changed. In this invention, the above two Q@ enhancenent
circuits te bequenndished bitheagpicesndands coyiomeldicdd! Asdndwitch fitd-bgeir e 2d. I n one
variation of Figure 2a only a comon current source is coupled to termnal C
to provide the bias current of both @ enhancenent circuits. Analysis and
simH ation results both verify that the proposed Q 20 enhancenent circuit
constmes rmch‘°‘|°é’§§"E woallsigna! apatsis verifias diet B¢ seriprdGuiseppatodf Sieeerid eradiges & r cui t

alone. In addition, the proposed Q enhancenent circuit achieves a very high
i mage rej &Edtivefpsistance (proportional to the g,, of X9 and X10) which is used to compensate for the loss

due to the equivalent resistance of the on-chip inductor (X14 and X15). By careful adjustment of
12 g, through the bias current, sufficient negative resistance can be generated to cancel the resistance

in the inductor, hence increase considerably the effective. quality factor Q of the inductor. The
cross-connected differential pair X11, X12 is used to generate more negative impedance to further
cancel the inductor resistance. Similarly, by tuning the bias current through it, the negative resis-

16  tance value produced by X11 and X12 can be changed. In this invention, the above two Q-
enhancement circuits are connected in series and combined as shown in Figure 2d. In one variation
of Figure 2a only a common current source is coupled to terminal C to provide the bias current of
both Q-enhancement circuits. Analysis and simulation results both verify that the proposed Q-

20 enhancement circuit consumes much less current th-an either of the above Q-enhancement circuit

alone. In addition, the proposed Q-enhancement circuit achieves a very high image rejection.



13--To achi-eve-a--deep-notch in a wde frequency band, -a tunable current source
is proposed in another variation of the invention, see Figures 2a and 2e. For
a rejection of the specified inmage frequency, the voltage (0-3V) across the
varactor needs to be tuned to get the notch response 4 centered at that
frequency. It is found that varying this voltage, and thereby the current to
the notch- filter, affects the rejection level. Only one optimal current |evel
can give the DesdhicdB@Rp hAHEEEWAR frefiRES W), o nRENEEChEERL is hBY&RLFn (| ar ger or
smaller than this optimal value) can not provide such a good rejection of the
i mage fregiomacyriatibhef tReaplaati@d, ke Migafes 2hing 20 hen e rpResh d}m&cﬁfe@mﬁgge fact s that
changes of the bias current change the val ue of negative resistance produced
by -t he prégesiy. Qe vemiga@Bm&%ssﬁﬁd\&mbtbﬁneealgh@b@tﬁid.dﬁl@-%etﬁﬁhﬁt@lﬂfespﬁﬁd@er ates a
negative resi stance, whose absolute value perfectly equals the effective

posi ti vie ccewmics btaint deqncy hi isfotrdhhaf Varfigy this Thitige, bheneanpnaat e hofigt or  has a
very high effective Q (infinite in theory) and the energy |l oss due to

r esi st anchitr, sffpeythaeiettipn kelc Onpyensatiad! cubtnihasl chegine BO5SRT MAE: tidalnt he opti mal
bias current lapl is the quadratic function of the tuning voltage (VY,,,,,,),
i.e. |11 (>60dBY othercgrent leweis(lakger orainglist Sanminiroptithdl alog ket mnfrociaefith £ ents can be
determ ned using interpolation nmethods by collect ing and analyzing the

si mul at edgocd rejasecusithe dmagd frequefidynhe gxplpnativh dfithis pl{endmenpi cqmeb Zpm thyetfart r (2) },

l1r, (3), V '

N 2 )
8 that changes’ol the bias current change the value of negative resistance preduced by the present Q-
£ . .
.\) enhancement circuits. The optimal current generates a negative resistance, whose absolute value
perfectly equals the effective positive resistance of the notch filter. Thus the compensated inductor

has a very high effective Q (infinite in theory) and the energy loss due to resistance is perfectly

12 compensated. It has been observed that the optimal bias current 1, is the quadratic function of the

tuning voltage (V). i.8.

Iﬂp.’ =4 V;fm + azymnr + s,
16
£
L
where the constant coefficients a,,4,,a, can be determined using interpolation methods by cellect-
ing and analyzing the simulated, or measured, data
{]ﬂﬁl (] )? Klulu (1) 2 {1 upl (2)’ Vnrm‘ (2)} b {]"Iﬂ" (3)’ I/.'mu' (3) arre
20

In Figure 2e. an analog multiplier MULT]. two voltage controlled current sources (VCCS)

SRC3 and SRC4, and a fixed current source SRCS are used to simulate the above function. Since

14



-+-A-Fi gur-e-2e;-an anal og-mul tiplier MILTI, two voltage controlled current
sources (VCCS) SRC3 and SRC4, and a fixed current source SRCS are used to
simul ate the above function. Since 14 all three coefficients a"a"a3 are small,
the function can be physically realized by analog IC design. Still referring
to Figure 2e, the analog nmultiplier MILTI and SRC3 are coupl ed between input
port VCTR and termnal C. SRC4 is coupled between VCTIR and termnal C Al so

coupl ed 4 tiQ.d QEMLBRA oGl S amRmall; mJ#aﬁcngy%%@Ehysiaaiwlzéd @Vﬁmb@copp%' te
direction to the current’’i'n SRC3 and iguré 4 1llustrates a group of

e g i, S i PR REIRNG e HIfphd, ML ATEE SR PG Wﬁﬁgggg%ﬁf{'g of a .

w deband |nplenen

t uni ng fq L@L&P@@ﬂm@% daF@té lsxu %;faﬂgm%rwa@%ggn%ﬁw d15°doilh fcﬁ“ on

results (t heParrow indi cat es poi'n
bandpass)y 1ehd; ggﬁgge@g it 4 1.74 GFlz

I F frequéﬂéy mﬁﬁh Cuf%gﬁtt?%ﬁ%%gﬂkgﬁ¥$?%%g§%§n&hgg%%ﬁ§%%ném§%ani 3.87 | nB
, a3 = |%§ﬁ@8WA 16 On-chip inductor Q value: 3.4 Inage rejection: 54-67 dB,
on average Bandpass gain: 20 dB Tuning range: 100 MHz

Figure 4 illustrates a group of curves depicting the performance of the first preferred em-

8 bodiment of a wideband notch filter, in dB vs. frequency, implemented with awtomatic current

O

tuning for Bluetooth applications with the foliowing circuit simulation results (the arrow indicates

the notch and point m2 the peak of the bandpass):

12 RF frequency: 2.40-2.50 GHz,
Image frequency: 1.64-1.74 GHz
IF frequency: 380 MHz
Current source coefficients: a, =0.75mS . a, =3.871mS ,a, =12,868mA
16 On-chip inductor Q value: 3.4
E{\-) Image rejection: 54-67 dB, on average
Bandpass gain: 20 dB

Tuning range: 100 MHz

Second preferred embodiment: 2 wideband notch filter with two varactors



20—-Second-pref-erred enbodi nment: a w deband notch filter with two varactors 15
In a second preferred enbodi nent of the inventive notch filter, a w deband
notch filter is inplemented using two varactors. Figure 3a is a high | evel

bl ock diagramand Figure 3b is the circuit diagramof this second preferred
enbodi ment. The first and second stage LNAs of Figure 3 a 4 are identical to
the LNAs 22 and 24 of Figure 2a. The w deband notch filter 36, coupled to LNA

24 via term ng} &c&d?g%n@d eh&dlnkeln%ttﬁe%\%ﬁhdeﬂot@ﬂ)ﬁl?erqe%@éb%nd ﬁ{&tcﬁlﬂg&rse 3b and will

be described next. The two fixed capacitors C/ and I gure 2d (and

shunted agifss mteéﬂﬁa%%sv@mbr& hepuB 01 EehigBie blbidy &a%e% FlsRrARGE ail0) are now

replaced in Figure by two varactors V12 and respec tively. The third

termnal gfcud ak@eh Of fis Yechhd [6tereY ehBodiSer OTIRI R4 ﬁcps édﬁ@.% AR As o et ween the
source of trans?storszQ and X 10, two fixed cgpagltors (3] gngg%gtﬁgve been

used i nst eR@eafcalihe Lmeamlﬁrzazbﬂnghgm erné Yidedang nGehlf i8R G LM% EM%&“ ts have
al so been renoved. The swapping of the 12 location of varactors and capacitors

dr anmat i cakhayeraxileAadsd Bheillngteh if heauency FRards Mhene. theinetsh filter can
attain nearly the deepest notch wi thout the need of current tuning. Al other

conponents are as shown in Figure 2d. A common current source CS is coupled
to the source of transistors XI 1 and X12. 16 Figure 5 illustrates a group of
seven curves dépivetfixagcaphriton €F ot Gleldeeuct 2dt(ire shecdncoprie gafeand @ds@rdodi nent  of

a wi deband notch filter, in dB vs. frequency, inplenented using two varac-
8 of transistor X9 and Xl(}) are now replaced in Figure 3b by two varactors V12 and V11, respec-

O tively. The third terminal of varactors V11 and V12 is coupled to input port VCTR. Between the
source of transistors X9 and X10, two fixed capacitors C5 and C6 have been used instead of the
varactor in Fi gure 2d. The current funing circuits have also been removed. The swapping of the

12 location of varactors and capacitors dramatically cxtends the notch frequency band, where the notch

filter can attain nearly the deepest notch without the need of current tuning. All other components

are as shown in Figure 2d. A common current source CS is coupled to the source of transisters X11

and X12.

{ . ) Figure 5 illustrates a group of seven curves depicting the performance of the second pre-
ferred embodiment of a wideband notch filter, in dB vs. frequency, implemented using two varac-
tors for Bluetooth applications with the following circuit simulation results (where point m1 indi-

20 cates the peak of the bandpass and points m2 to m7 define the notch):

RF frequency: 2.40-2.50 GHz,

Image frequency: 1.80-1.90 GHz



tors- forBlruetooth applications wth the following circuit sinmulation results
(where point m indi- 20 cates the peak of the bandpass and points n2 to nv
define the notch): . RF frequency: 2.40-2.50 GHz, |Inmage frequency: 1.80-1.90
GHz 16 I F frequency: 300 MHz do-chip inductor Q value: 3.4 Image rejection:
36-59 dB, on average 4 bandpass gain: -20 dB Tuning range: 200 MHz (1.76-1.96
MHz) Figure 6 illustrates a group of ten curves depicting the performance of
t he secontf fpgehey: seEMi8 enbodi ment of a wi deband notch filter, in dB vs.
frequency, inplenmented using two varactors for Wreless LAN (502. 11 a)

appl i cat i onghipdrdtctdrievali@] 3.0wi ng circuit sinulation results (where point n

i ndi cates the peak of.the bandpass and points n2 to In 10 define the notch):
12 RF fretmeecjectidn: 3B3%5d830n Glekige | mage frequency: 4.2-4.4 Giz | F frequency:
475 MHz On-chip inductor Q value: 6 16 Inmage rejection: 41-56 dB, on average
Bandpass Baidpass gad0 ~2BIB

Tuning range: 200 MHz (1.76-1.96 MHz)

Figure 6 illustrates a group of ten curves depicting the performance of the second preferred

8 embodiment of a wideband notch filter. in dB vs. frequency, implemented using two varactors for

‘-—,-\‘
<

Wireless LAN (802.11a) applications with the following circuit simulation results (where point m1

mndicates the peak of the bandpass and points m2 to m10 define the notch):

12 RF frequency: 5.15~5.35 GHz,
Image frequency: 4.2~4.4 GHz
IF frequency: 475 MHz
On-chip inductor Q vahue; 6
16 Image rejection: 41-56 dB, on average

Bandpass Gain: ~20 dB

el
M

Tuning range: 350 MHz (4.10~4.45 MHz)

2 Third preferred embodiment: a wideband notch filter integrated with a two stage LNA

A third preferred embodiment of the inventive notch filter, integrated with a single ended

first stage LNA and a differential second stage, is shown in high level block diagram form in Figure

17



Tuni-ng-range:—350-MHz (4:10-~4:-45 MHz)- 20 Third preferred enbodinent: a

w deband notch filter integrated with a two stage LNA Athird preferred
enbodi ment of the inventive notch filter, integrated with a single ended
first stage LNA and a differential second stage, is shown in high |Ievel block
diagramformin Figure 17 7a and wll be described in the followng text with
reference to Figures 7b, 7c, and 7d. Figure 7a shows a first stage LIMA 72

Wi th i nputa RO%HI Délabchibel i@ @llovlihg tet WithHerk@n @ RFBEuraULPIE aRaUPERee¥h @  termi nal
Zto a differential second stage LNA 74 with output port VOUT (termnal 2 and

term nal ¢ow)a fiSiaupt BIAA 70 witNApitbod VRN iti¥ian Bl SsirflddedButptr ddghiehif i | ter 76. The
first-stage LNA 72 is illus- trated in Figure 7b. It consists of the cascode

transi st ofesininél Z & ukiiHentdiiedosd 4the 108 B \ifh XBui fort VRUPHSRinhI dnBRshind! N (ter mi nal
1) and its source to inductor L7. The gate of X1 and its drain, via inductor

L8. are coupbatedtOLEAPOWRfenBlARD hand Bhenotth &ler 78f TRElAkiSt6OURA @Y idifust er mi nal  Z,
which is the g output of the first LNA stage. The second stage LNA 74 is

i |1 ustr at eded inFiging ab.elt damsisth bf thescasdods thaAgistbo Xl BRI ¥R e08d ikizagerkNA of Figure 2c
so that only the differences will be described. Note that the input (term nal
Z) is 12 cuoppdedivoViNergatid) ofd iXFouardoe inbhator LheTidreaicpf Bf addigdsdsiiar X7 is
coupled to the gate of Xg via capaci- tive neans. This connection converts the
si ngl e entdgttos Le e courded thg phwen pupplye The drajn of NAs stuplyd ton@rmiad Brwhiiehe thZ) into a
differential signal used for the second stage LNA 74. 16 Referring now to

Fi gur e 87doutphef th fraaifostasdt ch filter of the third preferred enbodi ment of the
inyention is inplenmented using two varactors simlar to the notch filter of

Fi gure 3b, so that

The second stage LNA 74 is illustrated in Figure 7¢. It is similar 1o the second stage LNA
of Figure 72c so that only the differences will be described. Note that the input (terminal Z) is
12 ccupled to the gate of X7 and that the drain of transistor X7 is coupled to the gate of X8 via capaci-
tive means. This connection converts the single ended signal coming from the fiest LNA stage 72

(terminal Z} into a differential signal used for the second stage LNA 74.

16 Referring now to Figure 7d, the wideband notch filter of the third preferred embodiment of -

{ .
S’

the invention is implemented using two varactors similar to the notch filter of Fignre 3b, so that

only the differences will be described. Note that the third terminal of varactors V11 and V12 is

coupled via a voltage supply to a reference potential (typically ground). Also the junction of X14
20 and C9 is coupled via capacitive means to terminal A, and the junction of X15 and C10is coupled-

via capacitive means to terminal B,



only-the differences-wll--be-described: Note that the third termnal of
varactors VI | and V 12 is coupled via a voltage supply to a reference
potential (typically ground). Also the junction of X14 20 and C9 is coupl ed
via capacitive neans to termnal A and the junction of X15 and CIOis coupled
via capacitive neans to termnal 13. 18 Results Figures 8 to |l | illustrate
various results of circuit sinulation of the performance of the third 4
preferred enbodi nent of a w deband ngigh filter inplenmented using 0.35 m CMOS
processes and nodeling, a two stage LNA, where the first stage is single ended
and the second stage is differen- tial, wth a notch filter using two
varactors and no current tuning for Bluetooth. 8 Figure 8 illustrates the
bandpass and Hewres? toél fllgstrrtervesous requlgB Giguit simalgtiendyhe pefforri@heE of theitirfier ent i al
outputs between termnals 2 and 3, equal to S(3,1)-S(2,1)) where point ni

i ndi cat esreferTed embadiipat ef agadabandgtch Siterimplementadivsiag 885 tindeMOS phceates gduat i on as
listed below, 12 RF frequency: 2.40.2,50 GHz, |Image frequency: 1.70-1.80 Gz
| F f r equePRSlinggtiyo pege IS thefurti steer s engjagnded ang the secpd sipasdeediffarect i on; - 65
dB BandngS_Gai n: -22 dB Tuning range: 200 WVHz (1.70-1.90 MHz)

with a notch filter using two varactors and no current tuning for Blueiooth.

8 Figure 8 illustrates the bandpass and notch performance, in dB vs. frequency, of VOUT
£ } (differential outputs between terminals 2 and 3, equal to S(3,1)-8(2,1)) where point m1 indicates

the bandpass gain and point m2 indicates the notch attenuvation as listed below:

12 RF frequency: 2.40-2.50 GHz,
Image frequency: 1.70-1.80 GHz
IF frequency: 350 MHz
On-chip inductor Q value: 3.4

16 Image rejection: ~65 dB

R Bandpass Gain: ~22 dB

Tuning range: 200 MHz (1.70-1.90 MHz)
Noise Figure: ~4 dB

20 Where 8(2,1) is the forward transmission gain from terminal 1 to terminal 2, and

S(3,1} is the forward transmission gain from terminal 1 to terminal 3.

19



Noi-se Fi-gure:i--4--dB 20-Where S(2,1) is the forward transm ssion gain from
termnal 1 to termnal 2, and S(3,1) is the forward transm ssion gain from
terminal | totermnal 3. 19 Figure 9 illustrates the noise figure in dB vs.
frequency, where Curve 2 and Curve 3 repre- sent the noise figure for nf(2)
and nf(3), respectively. Points nB8 and n4 indicate the | owest noise figure
for nf(2) and nf(3), respectively, 4 Wiere nf(2) is the noise figure at out put

tenninal 2 wi F@u&@tzﬁl@%% Bist f5d b v;,freﬁﬂqcyimﬁ&ébuﬂvéz sﬂawg\% Igsrgmzl gure at

output termnal” 3 with ref erencé to term The curve ure

il1ustratgg tlt:elflﬁlsgﬁélfr@foﬁmﬂ) ahd IQ'B§ 9&&})&:{:9@}5 Polnf LLGH ﬁ'@ﬁndﬁ,satte thd ISQUERGY, 8

indicating at point m1l1l a phase difference of 17 degrees at a frequency of

2.45 GHz. ﬁ&ﬁgunggjmhaﬂgpgmkqhbwprOV|de t he i nput and out put mat chi ng graphs in
terms of inpedance and dB vs. frequency, respectively, at 2.45 GHz. Figure

lla: 12 Point Wiereh@p) iSd ndide fighre@Podbik ¥bnifal 2R RHGEGS toterkial D2 + | O 167)
Point n6 for S(2,2) is on Curve 6, iInpedance = Zo*(0.884 -j0O 265). Point nv

for S(3,3) is on @HBEYethénoibdmetan Oyt tednihid] G vBR Jeferehc@rodrginal 1Not e that Curves 6
and 7 overlap al nost conpletely. 16 Figure | |b:

The curve of Figure 10 illustrates the differential cutput phase in degrees vs. frequency,

8 indicating at point m11 a phase difference of 172.7 degrees at a frequency of 2.45 GHz.
i) Figure 11a and 11b provide the input and output matching graphs in terms of impedance and
dB vs. frequency, respectively, at 2.45 GHz.
Figufe Ha:
12 Point m5 for $(1.1) is on Curve 5. impedance = Z»*(0.952 +j0.167).
Point m6 for 5(2,2) is on Curve 6, impedance = Zy*(0.884 — j0.265).
Point m7 for $(3,3) is on Curve 7, impedance = Zo*(0.823 - j0.301).

Note that Curves 6 and 7 overlap almost completely.

,r‘
4 :
\vww’

Figure 11b:
Point m8 for $(1,1) is on Curve 8, attenuation = -21.016 dB.
Point m9 for 8(2.2) is on Curve 9, attenuation = —16.358 dB.

20 Point m10 for S{3.3) is on Curve 10, atlenuation = —14.467 dB.

20



Point. nB for.5(1,1) is on.Curve 8, attenuation = -21.016 dB. -Point nm® for
S(2,2) is on Curve 9. attenuation -16.358 dB. 20 Point nmlO for S(3,3) is on
Curve 10. attenuation = -14.467 dB. 20 Wiere S(1,1), is the input reflection
coefficient for termnal 1, S(2,2) is the output reflection coefficient for
termnal 2, and $S(3,3) is the output reflection coefficient for termnal 3. 4
Note that” Curves 9 and 10 overlap to a | arge extend. Advantages 8 1). The new
i nvention canghe Iy integrated with.l cost .analog circuits. It can be
easily inte-‘EEEFEQJ#ﬁf%EgpgfﬁgﬁgméﬂﬁﬁmﬁﬁﬁﬁE”?%%Ziver with very good i mage
rejection, hence i.nvent e . _can. widely,used in all kinds of |ow
cost, | ow power, ?@5”ﬁﬁéﬁﬂ%%gfggﬁgﬁ%ﬁﬁ%?ﬁﬁgée gﬁléﬂfpsets such as CMOS

Bl uet oot h, “jrele%ﬁiﬁ%ﬂh&&ﬁﬂ?&ﬁ&ﬁg{qﬁ Egﬁgg%ﬁ%ﬁgfa. The new i nvention can

achieve a high inmage rejection ratio (over ~theoretically) by only
addi ng 4a ﬁg@mg*ﬁg@sg&mﬁgbgﬂ%gQEQQggéﬁm&ogether with an LNA. It only degrades
y (0.

the noise figure slightl -1 dB) conpared to the LNA alone. This
attractive feature enables it to be used in 16 nost of the comrercial wreless
comuni cati on applications such as GSM DECT, cordless phones, CDVA, and so
on. 3). The new invention has a goodiviiige rejection in a w de tunabl e range,
which is suitable for

8 1). The new invention can be fully integrated with low cost analog circuits. It can be easily inte-
o/ grated into a single chip RF+IF receiver with very good image rejection, hence the invented core
can be widely used in all kinds of low cost, low power, and high performance transceiver chipsets

such as CMOS Bluetooth, wireless LAN transceiver chipset.

2). The new invention can achieve a high image rejection ratio (over 60 dB theoretically) by only
adding a few extra circuit components together with an LNA. It only degrades the noise figure
slightly (0.5 ~ 1 dB) compared to the LNA alone. This attractive feature enables it to be used in

16  most of the commercial wireless communication applications such as GSM, DECT, cordless

H !
N

phones, CDMA, and so on.

3). The new invention has a good image rejection in a wide tunable range, which is suitable for

20 wideband high rate wireless communication applications such as 802.11a, 802.11g, WCDMA efc.

4). Low Q inductors can be integrated in the new invention and high image rejection can be re-

tained.



20w deband--hi-gh-rat e w-reless comuni-cation-applications such as 802.1 ‘ta,
802.11g, WCDMA etc. 4). Low Q inductors can be integrated in the new invention
and high image rejection can be re tamed. 21 5). Low current consunption of
the new invention is realized by using a novel Q enhancenent circuit. The

hi gher Q of inductor is integrated, and the notch filter has a | ower current
consunption. 4 While the invention has been particularly shown and descri bed
with reference to the pre- ferred enbodi ments thereof, it will be understood
by those skilled in the art that various changes in formand details may be

made i tNgL o\ ARRBN bR SRT OG5 Rl dubiln @&%@&ﬁggm%f a USSRl gp- hat s

clainmed is: 22 1| and tun e rejectlon no ilter

conpri si NEreui@t ﬁe%@h@@m&oﬁg fnfeﬂlla{ed Usgte 'n&cl@ﬁlﬂ:pﬂﬂ(éq 1§y E:lﬁ]renpc)é Al I ng a
negative resistance to conpensatée for resistive |osses In |Induc |ve
conponents of said Q enhancenent circuit, said Qenhancenent circuit 5
conprising: a differential series LC resonator conprising a first and a second
transi stor, where the source and the drain of said first and said second
transistor are paralleled by a first and a second ca- pacitive neans,
respectivel y, Witilerte isvefition &s teeichagticsledoshowi maudedctibed withaesrehds 1Celpeed acr oss 10
the gate and the drain of said first and said second transistor, respectively,
wher e t hefedrddnthgdiments thereof, it will be understood by those skilled in the art that various changes in

form and details may be made without departing from the spirit and scope of the invention.

77,
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of..sai d -fi+st--and sai d second-transi-stor are the input termnals of said-

Q enhancenent circuit, where the sources of said first and said second

transi stor are coupled together via a first and a second term nal of a

capaci tance tunabl e varactor means, where a third term nal of said

capaci tance tunabl e varactor neans is coupled to an input port providing an
input signal, and 15 where the drain of said first and said second transistor
is coupled i aLe of sald first and said second
transi stglr X@S%%@?’?‘%/%%N nge%ﬁé n(?ltcpge?recﬂ Sseries LC resonator is a
|ransconductor based negative resistance generator resonating at an inmage fre-
quency to conpensate for the resistance of said inductive neans; and 20 a

di f f er ent] @b,phSQERERSALIAM FikRUiit: B AU 'ar}ggagksé fegstél{%ga,téo s IPRlance to
further conpen- sate for the resistance of sal uctrve ans of said

di f f er entesphiveiBékas m'd@t:ﬁr@&ﬂgb@ Qs of S @lemﬂhéeﬁa@x&%ﬂémtaémd% @ﬁ%&&@%&ﬂ circuit
conprising a cross-coupl ed fferential third and fourth 23 transistor, the

drai n of @aphidghi rd and fourth transistor coupled to the source of said first
and said second transistor, respectively. 25 2. The notch filter of claima1,
wherein a current source is coupled between a reference voltage and the
source of said third and said fourth transistor, said current source providing
a bi as cur r entdiffgentiabgiich LO resvhamcenpitingcifire whd a se@@d Bansikloe whedeeie shirtd er of
claim1, wherein a tunable current source is coupled between said input port
and the sour caddle dsan of spilifirstiandiveld ssprdl tfaptivtararetpeaildedsityor firstamd dsetandabl e current
soyr-ce conprising an
() pacitive means, respectively, where a first and a second inductive means is coupled across
10 the gate and the drain of said first and said second transistor, respectively, where the drains
of said first and said second transistor are the input terminals of said Q-enhancement circuit,
where the sources of said first and said second transistor are coupled together via a first and
a second terminal of a capacitance tunable varactor means, where a third terminal of said
capacitance tunable varactor means is coupled to an input port providing an input signal, and
15 where the drain of said first and said second transistor is coupled via capacitive means to the
gate of said first and said second transistor, respectively, where said differential series LC

\,\ resonator is a transconductor based negative resistance generator resonating at an image fre-

quency to compensate for the resistance of said inductive means; and

20 a differential Q compensation circuit providing extra negative impedance to further compen-
sate for the resistance of said inductive means of said differential series LC resonator, said

differential Q compensation circuit comprising a cross-coupled differential third and fourth

3]
(9]



anal.og. mul ti.pli er.;-twoe--vol tage controlled current sources and a fixed current
source, said tunable current source inproving the inmage rejection of said
notch filter in a wi de frequency band by providing for said Q enhancenent
circuit a bias current which is the quadratic function of the 35 tuning

vol tage across said tunable varactor nmeans, 4. The notch filter of claim1,
wherein said inductive nmeans of said LC resonator is an on-chip low Q

i nductor. 40 . f I f .M rel id ca i,tiye means of
said LC resong?ggﬁggggﬁﬁggS%%&ﬁg3ﬁﬁgﬁh§ﬁgﬁ%$8§@§ﬁ%§ma%%Fgﬂﬁgp 3tﬁg¥n pol es and
zeros of sai d LG {hlERE resPecyhle Notch filter of claim 1, wherein adjustnment
of the transconductance g,,, o} said first and said second transistor of said
LC resgnator increases the quality factor Q of said inductive neans of 45
said LC resonator. 24 7. The notch filter of claim1, wherein changes of said

bi as cur r 2ntheGlBRngRerloh@aittal, Weer@h a LRGSR i EdBlel BHivEhANEE AL vEIBlTand
Q enhancenent circuit. 8. The notch filter of claiml, wherein said

Q enhancenet soice 6flald 1RRhAtRSfoluh ks aRgRufrE® Butelpovidd dbidslrdnGdz = 109
Hz). 9. The notch filter of claim1, wherein said Q enhancement circuit has an
i mage rej ectaidPrenhamgmey cieuftr om 55 to 65 dB. 55 10. The notch filter of claim
1, wherein said Q enhancenent circuit has an i mage frequency tuning
30 3. The notch filter of claim 1, wherein a tunable current source is coupled between said input port
i and the source of said third and said fourth transistor, said tunable current source comprising an
analog multiplier, two voltage controlled current sources and a fixed current source, said tunable
current source improving the image rejection of said noteh filter in a wide frequency band by

providing for said Q-enhancement circuit a bias cwrrent which is the guadratic function of the

35 tuning voltage across said tunable varactor means.

4. The notch filter of claim 1, wherein said inductive means of said LC resonator is an on-chip low

Q inductor.

46 5. The noteh filter of claim 1, wherein said capacitive means of said LC resonator are used to

adjust the frequency distance between poles and zeros of said notch filter.

6. The notch filter of claim 1, wherein adjustment of the transconductance g, of said first and said

second transistor of said LC resonator increases the quality factor Q of said inductive means of

45 said LC resonator.



range of 1 00 MHz -(MHz =-106-Hz): 11.-A w deband tunabl-e high Q inmge
rejection notch filter conprising: a Qenhancenent circuit used in a notch
filter by creating a negative resistance to conpensate for resistive |losses in
i nducti ve conponents of said Q enhancenent circuit, said Q enhancenent circuit
5 conprising: a differential series LC resonator conprising a first and a
second transistor, where the source and the drain of said first and said

second t rﬁn'ﬁile V\ﬁﬁ AR Gf (B%Q{% lvgéﬁﬁxq%}EXgegoif | ird.%gas mn@chgn E%Qalﬁgéf tlpean%i at-i ve neans,

respectively, ere a firs second i nductive ans 1s coupred across 10

the gate angmmggmg&@kngéﬁﬁghgm&hk§&ﬁ@nd sai d second transistor, respectively,
where the drains 25 C) of said first and said second transistor are the input

termnals of said Q enhancenent circuit, where the sources of said first and
said second transistor are coupl ed together via capaci- tance nmeans, where the

source ang PaimdtchfiltGaf daifi 1{ Sherdif NSQShiARcemSntCQMN g6latyd 1@ tleickt 181d $econd
termnals of a first capacitance tunabl e varactor neans, where the source and

gate @f sai slGlib(@econduky ansistor is coupled via first and second terminals of
a second capacitance tunable varactor neans, and where a third term nal of
said first and said second capacitance tunable varactor neans is coupled to
an i nput port providing an input signal, said varactors extend- ing the notch

f r equencyg bamndoRh iB&bcimaAN HAHER SBND-eftlahGHheht ’cirmaé’\ﬁemﬁge_sr%ia&ieg i'atx%iﬁ ential se-
e

ries LC resonator is a transconductor based negative resistance er at or
resonati ng &tmsHhe 65dB.

G
55 10. The notch filter of claim 1, wherein said Q-enhancement circuit has an image frequency tuning

range of 100 MHz (MHz = 10° Hz).

- 11. A wideband tunable high Q image rejection notch filter comprising:

a Q-enhancement circuit used in a notch filter by creating a negative resistance to compensate for
resistive losses in inductive components of said Q-enhancement circuit, said Q-enhancement circuit

comprising:

a differential series LC resonator comprising a first and a second transistor, where the source
and the drain of said first and said second transistor are paralleled by a first and a second ca-
pacitive means, respectively, where a first and a second inductive means is coupled across

10 the gate and the drain of said first and said second transistor, respectively, where the drains



201 mage-frequency.-.t o .conpensate for the resistance of said inductive neans; a
differential Q conpensation circuit providing extra negative inpedance to
further conpen- sate for the resistance of said inductive neans of said
differential series LC resonator, said differential Q conpensation circuit
conprising a cross-coupled differential third and fourth 25 transistor, the
drain of said third and fourth transistor coupled to the source of said first

and said secgpdidlahA0% sgltdqemmr@aaaﬁsﬂre«ﬁé Yrur8Rlinds GENIRNERLSQAURLER - CUP! ed
between a reference N oltage and the source of said third and said fourth

transistor, saingle GldEsRRb oSO IER B s&bOradsi RbidSe GHFIERDEetfePlia SRhG.
Qhenhancenent circuit. 30 12. The notch filter of claim1ll, wherein said

i nductive neapmcheadQivblert Be b@S@AM Qe df Sai@frsORmS ftbils e b AALGHQEcond?6 35 B.
The notch filter of claim1ll. wherein said first and said second capacitive
means of sai dtduGinals elditatcaraciane wissld viractahicenst whdiethé s entatedbf sdi@nce bet ween
pol es and zeros of said notch filter. 14. The notch filter of claim11,

wher eiin adj us seaemnt trapdistériecotpledrge Bradind saomeigerginabiof s sechdfcapasitanedrdnabkai d second
transi stor of said LC resonator increases the quality factor Q of said

i nducti ve neamectgfmeges thd[wGereesiordatromal of 8zid Hrst afil eaihesroid chpabitapee tofablel ai m 11,

wherein changes in said bias current change the value of the
varactor means is coupled to an input port providing an inpwt signal, said varactors extend-

ing the notch frequency band of said Q-enhancement circuit, and where said differential se-

i} ries LC resonator is a transconductor based negative resistance generator resonating at the

20 image frequency to compensate for the resistance of said inductive means;

a differential Q compensation circuit providing extra negative impedance to further compen-

sate for the resistance of said inductive means of said differential serics LC resonator, said

differential Q compensation circuit comprising a cross-coupled differential third and fourth
25 transistor, the drain of said third and fourth transistor coupled to the source of said first and

said second transistor. respectively, and

a current source coupled between a reference v oltage and the source of said third and said fourth

transistor, said current source providing a bias current for said Q-enhancement circuit.

12. The notch filter of claim 11, wherein said inductive means of said LC resonator is an on-chip

low @ inductor.

26



negative_ resistance of said Q enhancenent circuit. 16. The notch filter -of
claim1l, wherein said Q enhancenent circuit operates in the range from2 to
45 5 GHz (GHz = 109 Hz). 17. The notch filter of claim 11, wherein said

Q enhancenent circuit has an inmage rejection ranging from35 to 50 dB. 50 18.
The notch filter of claim11l, wherein said Q enhancenent circuit has an inmage
frequency tuning range of 200 MHz (MHz= 106 Hz). 19. The notch filter of
cl.ai m 11, 3Wher.aliniRebichfd § N RABCENBR L hdiGMl LecBRR 2Rl MRESS %{Sgqu{gncy tuni ng
range of 350 MHz (MHz = 106 Hz). 55 27 20. A w deband tunabl e high Qi nmage
rej ectd on nekedhrhled ke &g@pﬁab %ec{a\eﬁcyaisfahae%wﬁ%@eg% 2eNBN@NMINAEH 8Rerl NPUt and an
out put, said first cascaded LNA receiving an i nput signal at said input and
providing at its output an anplified signal of said RF input signal; 5 a
second cascoded LNA having an input and an out put, said second cascaded LNA

i nput coupl B nbeh itk 8 Pdivh RUtwiRfeinSRfustmbhiloSthe IehBeongRtadcSECRBA ENARe) ecting
on-chi p common- node noi se; a Q enhancenent circuit coupTI ed to said second

cascoded LNAy (S8} fdRiGRNA0EeNE Moo ﬁ%éseﬁﬁ@%af(i)l? fact? % B4 ﬁa{augtii,é ter by

creating a negative resistance to conpensate resistive sses in inductive
conponent s Qf..s&.8d -eahanscenent circuit, said Q enhancenent circuit
conpri si ng

40

15. The noteh filter of claim 11, wherein changes in said bias current change the value of the

£
(o negative resistance of said Q-enhancement circuit,
16. The notch filter of claim 11, wherein said Q-enhancement circuit operates in the range from 2 to
45 5 GHz (GHiz = 10° Hz).

17. The notch filter of claim 11, wherein said Q-enhancement circuit has an image rejection ranging

from 35 to 50 dB.

‘.7 50 18.The notch filter of claim 11, wherein said Q-enhancement circuit has an image frequency tuning

range of 200 MHz (MHz = 10° Hz),

19. The notch filter of claim 11, wherein said Q-enhancement circuit has an image frequency tuning
range of 350 MHz (MHz = 108 Hz).

55



a. differential. _series LC resonator conprising a first and a second transistor,
where the source and the drain of said first and said second transistor are
paral l.eled by a first and a second ea 15 pacitive nmeans, respectively, where a
first and a second inductive neans is coupled across the gate and the drain
of said first and said second transistor, respectively, where the drains of
said first and said second transistor are coupled to said second cascoded LNA
where theg Mwe&%émgibmgwb fohdzs Lejeaith roah dngeeandink! ansi stor are coupl ed
together via a first and a second termnal of a capacitance tunable varactor
means, where a third termnal of said capacitance 20 tunable varactor nmeans is
coupled to a third port providing an input signal, and where the drain of

sai d fir stfirassdcdiad DNA QOOhn iipaNHE st Sftput,32i6 Gisplaeddad INA apaaht iVier impans to the
gate of said first and said second transistor, respectively, where said

di f f er entsigakl aseiiigst 4@ proeklogat icrou®8t ansmalified aigsd ohdiddtForp sigett negati ve

resi stance generator resonating at the i mage frequency to conpensate for the
resi stance of said inductive neans; 25 a differential Q conpensation circuit
provi ding extra negative inpedance to further conpen- sate for the resistance
of said iatdwod ¢apeederddis hayinggningutahd frequemt. sad seserdicessodeCLNAS tvatcwpled wai d
differential Q conpensation circuit conprising a cross-coupled differential
thi rd andaif guipetief said TN eiid seednd LiAapiectiog oxseliplcanimandgnagadois®ur t h t ransi st or
coupled to the source of said first and said second transistor, respectively,
and a tunabl e current source coupl ed between said third port and the source of

sai-8, third and said fourth
'y a Q-enhancement circuit coupled to said second cascoded LNA, said Q-enhancement circuit used in

10 anotch filter by creating a negative resistance to compensate for resistive losses in inductive

compenents of said Q-enhancement circuit, said Q-enhancement circuit comprising:

a differential series L.C resonator comprising a first and a second transistor, where the source
and the drain of said first and said second transistor are paralleled by a first and a second ca-
15 pacitive means, respectively, where a first and a second inductive means is coupled across

the gate and the drain of said first and said second transistor, respectively, where the drains

f\ _} of said first and said second transistor are coupled to said second cascoded LNA, where the
sources of said first and said second transistor ar¢ coupled together via a first and a second
terminz! of a capacitance tunable varactor means, where a third terminal of said capacitance

20 tunable varactor means is coupied to a third port providing an input signal, and where the

drain of said first and said second transistor is coupled via capacitive means to the gate of

said first and said second transistor, respectively, where szid differential series LC resonator



transistor,. said tunabl e current--source conprising -an-anal og-nultiplier, two
vol tage controlled current sources and a fixed current source, said tunable
current source inproving the image rejec 35 tion of said notch filter in a
wi de frequency band by providing for said Q enhancenent circuit a bias
current which is the quadratic function of the tuning voltage across said
tunabl e varactor neans. 21. The notch filter of claim?20, wherein said first

cascoded LNA js t,qnsgg,,;‘dtﬁ&%r@gea ﬁéoaﬁa\lél%smaﬁx& g?lgéfjdtér r&heBhE ﬁ'ﬂbei iBQﬁfre&&q%ﬂg ai d second

differential output. . The notch filter of clalm

cascoded LNA t&npansdﬂefrm{e@&tma&d@%m\schv@nghifer ential input and a
differential output. 23. The notch filter of claim20, wherein said inductive

nmeans 29f said LC resonator is an on-chip 45 low Q inductor. 29 24. The notch
filter of claim 20, wherein said capacitive neans of said LC resonator are
used to adj ush diffaental Qguefasatioi Sicanpevibias wee RegaotampalafteZefuaber@émeal d not ch
filter. 25. The notch filter of claim 20, wherein adjustnent of the

t r ansconduct astefogths regiftarsa pihailliinds¢tiva nalans 50sagiadifferewielonits LCaasisdroridof said LC
resonator increases the quality factor Q of said inductive neans of said LC
resonat or. 264diiffientiahQ@tcetnpehsakioreqirceif copipaiking 20 0sswhipledidifferdntial glisi aod fosalh d bi as
current change the value of the negative resistance of said Q enhancenent
circuit. 55 transistor, the drain of said third and fourth transistor coupled to the source of said first and

30 said second transistor, respectively, and

a tunable current source coupled between said third port and the source of said third and said fourth
transistor, said tunable current source comprising an analeg multiplier, two voltage controlled
current sources and a fixed cwrrent source, said tunable current source improving the image rejec-

35  tion of said notch filter in a wide frequency band by providing for said Q-enhancement circuit a bias

current which is the quadratic function of the tuning voltage across said tunable varactor means.

21. The notch filter of claim 20, wherein séid first cascoded LNA is a differential LNA with a
£ differential input and a differential output.
40
22. The notch filter of claim 20, wherein said second cascoded LNA is a differential LNA with a

differential input and a differential output,

23. The notch filter of claim 20, wherein said inductive means of said L.C resonator is an on-chip

45 low @ inductor.

29



27..The.notch filter of claim20, wherein said Q enhancenment circuit operates
inthe range from2 to 5 Gz (GHz = 1™ Hz). 28. The notch filter of claim
20, wherein said Q enhancenent circuit has an inmage rejection ranging 60 from
55 to 65 dB in Bluetooth applications. 29. The notch filter of claim 20,
wherein said Q enhancenent circuit has an inmage frequency tuning range of 100
MHz (MHz = 106 Hz) in Bluetooth applications. 30. A w deband tunable high Q

| mage reldﬁff%ﬂe%&cﬁ'ﬁﬂe@ Bf&du‘ntz@rw&%mfaid% O}%&twe?fgeags Jf's&éth\%ﬁﬁ‘a?o‘i@{! uk¥4, having an

input and an output, said first casc receiving an RF Tnput signal. at
sai d input gad i Q4hANBsitice bitRedd b4 ind 30 oLdTRAA hdtafmgt gnal Of said RF input
signal; 5 a second cascoded LNA having an input and an output, said second
cascaded LNA i nput coupled to said output of said first LNA said second LNA
rejecting on-chip conmon-node noi se; a Q enhancenment circuit coupled to said

second cascodedich i oBaks 20 GRABNEIRIBRL of the GistordS@bicd 8, ofkBd &rsblach filter by
creati ng a negatl ve resistance to corrpensat e for resistive losses in inductive

conpopents gfy s%haitm{;?g@tem@g@ﬂe Msorbd: Slllelses ﬁ@g&%ﬁl{pﬁ;@@@ﬂ@ &h?c%é cui t

conprising: a differential series LC resonat ng a first and a second
tran5|stor,m&ﬁgagmgmgréggﬁge and the drain of said first and said second
transistor are paralleled by a first and a second ca 15 pacitive means,
respectively, where a first and a second i nductive neans is coupl ed across

the gate and the drain of said first and said second transistor, respectively,

wher e t heogITiidoRh filter of claim 20, wherein changes of said bias current change the value of the
‘O negative resistance of said Q-enhancement circuif,
55
27. The notch filter of claim 20, wherein said Q-enhancement circuit operates in the range from 2 to

5 GHz (GHz = 10° Hz).

28. The notch filter of claim 20, wherein said Q-enhancement circuit has an image rejection ranging

60 from 55 to 65 dB in Bluetooth applications.

Faiat
g

- 29. The noteh filter of claim 20, wherein said Q-enhancement circuit has an image frequency tuning

range of 100 MHz (MHz = 10° Hz) in Bluetooth applications.

30. A wideband tunable high Q) image rejection notch filter comprising:



of .said first and said.second.transistor are coupled to sai-d second cascaded
LNA, where the sources of said first and said second transistor are coupl ed

t oget her via capacitance neans, where the source and gate of said first
transistor is coupled via first and second termnals of 20 a first capacitance
tunabl e varactor neans, where the source and gate of said second tran- sistor
is coupled via first and second term nals of a second capacitance tunable

varact of ., d15 8o da MV o loli éu%umsﬁ@h,isfe)e‘&sct%géd;t%{eg%mggggtﬁ%% second

capaci tance tunabl & varactor ~ means 1°s ‘coup provi di ng an

i nput  si gnak. saﬁziigpuy&agg)%m a%tog{gﬁgtjaqgmfﬂ%d@i ﬁa@_@fsaf(drl:@qhﬂtﬁ?ﬁ%n&?and of said

Q enhancenent circuit, d ere sald differential seri'es reso 31 25 nator
is a tyansconductor based negative resistance generator resonating at the
i mage fre quency to conpensate for the resistance of said inductive neans; a

di f f er entd @eonfhHAHTREMSRhdvHg a6 inpGilhd aniu@i, SHid el bisBodd@ DRA MM doiRenance to
further conpen- sate for the resistance of said inductive neans of said

di f f er entdailoupatrof 84 fir NS eiibdetind LBIA| réfectig 6h-EHiéonitidnahodehsi@pensat i on circuit
conprising a cross-coupled differential third and fourth transistor, the
drain of said third and fourth transistor coupled to the source of said first
and said second transistor, respectively, and a current source coupl ed

bet ween aa Qeflenemee cvaittagid andidshend asuodel INA, sdd Q-dnhrintaheandresiaised hourt h 35
transistor, said current source providing a bias current for said

Q enhanc eametrh figenby gretting 3 hegafivegesimtancthio ke¢rhteasatedifr redisgiveto 86y inidertiet N sai d first
cagcoded LNA is a differential LNA with a differential input and a

di f*f-er ent ¢ogiponsus pﬁﬂai_d Q-enhancement circuit, said Q-enhancement circuit comprising:

a differential series LC resonator comprising a first and a second transistor, where the source
and the drain of said first and said second transistor are paralleled by a first and a second ca-
15 pacitive means, respectively, where a first and a second inductive means is coupled across
the gate and the drain of said first and said second transistor, respectively, where the drains
of said first and said second transistor are coupled to said second cascoded LNA, where the
sources of said first and said second transistor are coupled together via capacitance means,
L where the source and gate of said first transistor is coupled via first and second terminals of
20 a first capacitance tunable varactor means, where the source and gate of said second tran-
sistor is coupled via first and second terminals of a second capacitance tunable varactor
means, and where a third terminal of said first and said second capacitance tunable varactor
means is coupled to a third port providing an input sié,nal, said varactors extending the notch

frequency band of said Q-enhancement circuit, and where said differential series LC reso-



40. 32.. The-net.ch -filter .of claim 30, wherein said second cascoded LNA is-a
differential LNAwith a differential input and a differential output. 33_ The
notch filter of claim30, wherein said inductive neans of said LC resonator is
an on-chip low Q inductor, 45 34. The notch filter of claim 30, wherein said
first and said second capacitive neans of said LC resonator are used to

adj ust the frequency distance between pol es and zeros of said notch filter. 32

35. The not chnfidlid Skan@ondil@i %&ngmfeﬁst&c@gunaﬁ{omwna al ACilz@psconduct ance
gmof said first and said second transistor of said Lé resonat or increases

the quality faehéro Qmfengrifel thdlediidnte/s sSOindRANSH@hs;Sai d LC resonator. 36. The
notch filter of claim 30, wherein changes in said bias current change the

val ue of the negative resistance of said Q enhancenent circuit. 55 37. The
notch filter of claim30, wherein said Qenhancement circuit operates in the
range from 2 tdiffesBid Q@hinpeb@abizdircuiBfroviding exmategatife ipetane@fo kB FbBsa- Wher ei n
said Q enhancenent circuit has an inmage rejection ranging from35 to 50 dB. 60
39. The not chsdid ot the regtarsk af snd3Bluctivk eresis pf sl diff«@néinbadis @Feabnadrsaidi t has an
i mage frequency tuning range of 200 MHz (MHz = 106 Hz) in Bluetooth
appl i é&t i ons. differential Q compensation circuit comprising a cross-coupled differential third and fourth

transistor, the drain of said third and fourth fransistor coupled to the source of said first and

said second transistor, respectively, and

a current source coupled between a reference voltage and the source of said third and said fourth

35  transistor, said current source providing a bias current for said Q-enhancement circnit.

31. The notch filter of claim 30, wherein said first cascoded LNA is a differential LNA with a

differential input and a differential output.

40 32. The notch filter of claim 30, wherein said second casceded LNA is a differential LNA with a

\ ) differential input and a differential output.

33. The notch fiiter of claim 30, wherein said inductive means of said LC resonator is an on-chip
low (} inductor,

45
34. The notch filter of claim 30, wherein said first and said second capacitive means of sajd LC

resonator are used to adjust the frequency distance between poles and zeros of said notch filter,

32



A40...The.notch.filter. of claim 30.-wherein said Qenhancenent circuit has—an

i mge frequency tuning 65 range of 350 WHz (MHz = 106 Hz) in Wreless LAN
applications. 41. A w deband tunable high Q inage rejection notch filter
conprising: 3J a single ended cascoded LNA having an input and a single

out put, said single ended cascoded LNA. receiving an RF input signal at said
si ngl e i nput- and providing at said single out put an anplified s signal of said
RF |nput:%| nal ; er i,al .cascoded LNA havi,n t and a

f t a Si
di f f er entTaf “daEh ?‘Eer °F°1a‘%‘%§1 H5red e a% PEESf Eé"’?“ci‘““&“ nf%alﬁ ﬁ&"’g% oded LNA

coupled to s |d S t of said sin d c scod d LNA said
dlfferentlaF éﬁ@@%ﬂ%ﬁ”@ SggﬁngWW&r5ﬁ¢§ﬁg%e@E gF@@“VﬁO a

Q enhapcenent cur HIF coupl |l ed to said dlfferentlal cascaded LNA, said
Qhenhg cemeft™ P °Euit ™USed in a notch filter by creating a negative

resi stance to conpensate for resistive losses in inductive conponents of said
Q enhancenent circuit, said C}enhancenent circuit conprising: 15 a

di f fer ent { iy, SE, %ﬁergﬁaggsgn@ﬁe%n SOIRL 130 alldiSharBOAe GuicRd Lransi stor,

where the source rain o al Irs d setond transistor are
paral l el ed p mﬁek!mﬁ&:%P%uﬁ%%ﬁﬁﬁ%ﬂmﬁ@umﬁac't'Ve neans respectively, where a
first and a Second ductive neans 1's coupl ed across the gate and the drain
of said first and said second transistor, respectively, where the drains of
said first and said second transistor are coupled to said second cascaded LNA

wher e st hes 20, SRunaRs o@&a]aa;odwﬁemémd@alaﬁaeaeaeﬁaﬁ@pagtmﬁ kR b Ree A2 GOUP! ed
toggsher via a first and a second

5GHz (GHz = 10° Hz).

38. The notch filter of claim 30, wherein said Q-enhancement circuit has an image rejection ranging

from 35 to 50 dB.
50
39. The noteh filter of claim 30, wherein said Q-enhancement circuit has an image frequency tuning
range of 200 MHz (MHz = 10° Hz) in Bluetooth applications.
."”."\
U
40. The notch filter of claim 30. wherein said Q-enhancement circuit has an image frequency tuning
65 range of 350 MHz {(MHz = 10° Hz) in Wireless LAN applications.

41. A wideband tunable high Q image rejection notch filter comprising:

W
e



t-erm nal---of--a-capaci t-ance t unabl-e -varact or- neans, where a third term nal —of
sai d capacitance tunable varactor neans is coupled to a reference potential,
and where the drain of said first and said second transistor is coupled via
capacitive nmeans to the gate of said first and said second transistor,
respectively, where said differential series LC resonator is a transconduc 34
25 tor based negative resistance generator resonating at the imge frequency
t 0 conpenssige efidad cish@ied ERASRANCS iffut SAIaQink D Aupht] 4R sTRRNBdedRadbdef €N@Nt i al Q
conpensation circuit providing extra negative inpedance to further conpen-
sate for reheinges RS impnicsgnalfar b theleraline frid\peo vivhinssaof s bl ifepeRdd al series LC
resonator, said 30 differential Q conpensation circuit conprising a
cr oss-touganadaf shid Rieingntigadl; third and fourth transistor, the drain of said
third and fourth transistor coupled to the source of said first and said
second transistor, respectively, and a current source coupled between said
reference voltage and the source of said third and said fourth 35 transistor,
sai d cur redifferenpedcassodse dMAdiavige asitglaispw and edifferérial @igiud sa@ sndiainpentsatd circuit .
42. The notch filter of claim4l, wherein said inductive neans of said LC
r esonat ordiffesential cesgodshiLPA doenked@ sarbumgglaonypudd s@8 singihendadtatodéd 1NALrsaidf cl ai m 41,
wherein said capacitive neans of said LC resonator are used to adjust the
f r equencyditiirentialvessodsd Livdanegiol exchipebrmamesodefioissai d notch filter. 44. The notch
filter of claim4l, wherein adjustnment of the transconduetance g,,, of said
first and said second transistor of said LC resonator increases the quality
| faqt“}or an(g sai d inductive

T .

enhancement circuit coupled to said differential cascoded LNA, said Q-enhancement circuit
used in a notch filter by creating a negative resistance to compensate for resistive losses in inductive

components of said Q-enhancement circuit, said Q-enhancement circuit comprising:

15 a differential series LC resonator comprising a first and a second transistor, where the source
and the drain of said first and said second transistor are paralleled by a first and a second ca-
pacitive means, respectively, where a first and a second inductive means is coupled across

the gate and the drain of said first and said second transistor, respectively, where the drains

L

} of said first -emd said second transistor are coupled to said second cascoded LNA, where the

20 sources of said first and said second transistor are coupled together via a first and a second
terminal of a capacitance tunable varactor means, where a third terminal of said capacitance
tunable varactor means is coupled to a reference potential, and where the drain of said first
and said second transistor is coupled via capacitive means to the gate'of' said first and said

second transistor, respectively, where said differential series LC resonator is a transconduc-



45..means..of--sai-d LC resonator.. 35 45. .The notech filter of claim4l, wherein
changes of said bias current change the val ue of the negative resistance of
said Q -enhancenent circuit. 50 46. The notch filter of claim41l, wherein said
Q enhancenent circuit operates in the range from2 to 5 Gz (GHz = 10 9 Hz).
47. The notch filter of claim4l, wherein said Q cnhancenent circuit has an
i mge rejection ranging from60 to 70 dB in Bluetooth applications. 48. The

notch,filter gf b&écﬁdeﬁ&tﬂéresﬁ@&@ %ér@ra%@l‘egong'waigﬁﬁzggﬁ%q&h ﬁ&'&&mﬂaﬁsﬁte%} i mge

frequency tuning range of Bl et oot h appl i cati ons.
6 the resistance of saigd mductwe means;

a differential Q compensation circult providing extra negative impedance to further compen-

sate for the resistance of said inductive means of said differential series LC resonator, said
30 differential Q compensation circuit comprising a cross-coupled differential third and fourth

transistor, the drain of said third and fourth transistor coupled to the source of said first and

said second transistor, respectively, and

P
A
a current source coupled between said reference voltage and the source of said third and said fourth
35  transistor, said current source providing a bias current for said Q-enhancement circuit.
42. The notch filter of claim 41, wherein said inductive means of said LC resonator is an on-chip
low Q inductor,
40 43. The notch filter of claim 41, wherein said capacitive means of said LC resonator are used to
e . .
L adjust the frequency distance between poles and zeros of said notch filter.

44 The notch filter of claim 41, wherein adjustment of the transconductance gy of said first and

said second transistor of said LC resonator increases the quality factor Q of said inductive

45 means of said LC resonator.

s
W



| 45, The notch filter of claim 41, wherein changes of said bias current change the value of the

negative resistance of said Q-enhancement circuit.

50 46, The notch filter of claim 41, wherein said Q-enhancement circuit operates in the range from 2 to

5 GHz (GHz = 10° Hz).

47, The notch filter of claim 41, wherein said Q-enhancernent circuit has an image rejection ranging

from 60 to 70 dB in Bluetooth applications.
6/“\
1

48, The notch filter of claim 41, wherein said Q-enhancement circuit has an image frequency tuning

range of 200 MHz (MHz = 10° Hz) in Bluetooth applications.



