A LONNO SE AMPLI FIER CIRCU T W TH NO SE CANCELLATI ON
AND | NCREASED GAI N FI ELD OF THE | NVENTI ON [ 0001] The
w@e@somo48 nvention relates to the field of | oWeDEEH06/000294
anplifiers (LNA), and in particular, to | ow noise
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i ncreased gai n. BACKGROUND OF THE | NVENTI ON [ 0002]
W deband and ul t r a- INGBEARED KsIMave recei ved
extensive research interests in recent years. A wde
range of nodern and future communication systens have
been proposed FIEtD PETHERNVENTIONandwW dt h exceedi ng
several GHz, exanpl es of these systens include
sof twar e-defi ned radi o, ultra-w deband (UWB), and so
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Traditionally, these types of w deband anplifiers were
i npl enment e%MK@WUW@gﬁHEW?EN’?%Nd archi tectures
that were originally used in mcrowave circuit design
as described in publication "A 0.5-14-GHz 10. 6-dB CMOS

t R ..C et al
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di ssi pation of traveling-wave anplifier nmake it
havg bgeaasppised that operaiep ovierra bandglidtherrgeding seyerat Obly, examples
of tEREH TP IEN A 05 Blca MB L URNIELAR! RS, and 5o on

Ive |-sec

This §&s8€ b WAGHE. stﬁ@@ﬁﬂ\kﬁqhﬁememdupm rUWEBa krameivef; respepitdlyl for the
of t en_adopt.ed for bandw dth enhancenent. However, the
fronrgfe@dr L Néa Sehicle harete) pre¥idg aa plirasividgbandivadih oty wéonable noise

ﬁgu%eneﬁ'xdqﬂlﬁgdzgl%éknﬁl wplexity and area occupation. [0004]

ng w owband LNA desi gns, severe
tradeoffs betvveen noi se fi gure and source inpedance

[Oﬂﬂgflt Cq'lr tlon ly, these Wp%g %? wide and amp iltﬁe(r)sf wereé) %Iglemented with
balanced or distributed architectures that were originally used in microwave circuit
design as described in publication “A 0.5-14-GHz 10.6-dB CMOS Cascode
Distributed Amplifier”, Liu R.C, et al, 2003 Symposium on VLSI Circuits Digest of

Technical Papers. However, large area occupation and high power dissipation of
traveling-wave amplifier make it infeasible for low-power single-chip integration.
Lumped implementations of UWB LNA were normally achieved by negative
feedback or multi-section LC-network. Meanwhile, inductor peaking technique is
often adopted for bandwidth enhancement. However, the extra passive devices used

for matching purpose increase design complexity and area occupation.

[0004] Comparing with narrowband LNA designs, severe tradeoffs between noise
figure and source impedance matching exist in wideband LNA. Most of reported
UWB LNA designs are focused on bandwidth enhancement. As a result, few of them
achieve comparable noise performance. A CMOS UWB LNA employing noise-
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UWB LNA designs are focused on bandw dt h enhancenent.
As a result, few of them achi eve conparabl e noi se
w@eoBosrvamce. A CMOS UVB LNA enpl oyi ng noi secaPCBBGIIY6/000294
technique is reported in publication "A broadband
cand3fh$ %cﬁﬁﬁﬁ@ lid E@)o% }sﬁiﬁﬁaﬁbn 3AlorbQdimPibiddMianceling CMOS
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erformance of CMOS UVWB LNA in prior art devices,
becially in the GH range. Conparing to Si Ge Bi CMOS
where higher gmis available, the gain issue becones
nore severe when it is applied to CMOS devi ces.
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ont end voltage sensing and matching anplification

advzmtageuusﬂy heniidngr mdudenpome afithetahoveuteptiossd drivebdake of peoart

vol tage sensing and matching anplification circuit
devigeSovi di ng a mat ched signal at each output. The |ow

noi se anplifier circuit further includes a gain

circuit having two inputs, each input being

SUMMARY OF THE INVENTION

sup

[0006] In one embodiment of the invention, a low noise amplifier circuit is
provided including a front end voltage sensing and matching amplification circuit
having an input and two outputs, the front end voltage sensing and matching
amplification circuit providing a matched signal at each output. The low noise
amplifier circuit further includes a gain circuit having two inputs, each input being
respectively coupled to at least one of the two outputs of the front end voltage sensing
and matching amplification circuit, the gain circuit further having two outputs, an
output signal being provided at each output of the gain circuit. The low noise amplifier
circuit further includes a combining circuit combining the two output signals of the

gain circuit, the combining circuit having two inputs, each input being respectively



respectively coupled to at | east one of the two
outputs of the front end voltage sensing and matching
w@pgBiioesmt i on circuit, the gain circuit furtheCT/bE206000294
two out puts, an output signal being provided at each
coupledt Ut 18dst bhe ofdhatvid bEtlts. of the ghPVEiRRItS eheddidhiihing  circuit
circuit further includes a conbining circuit conbining
furthemiaclpdingsatoptrut ereyiding a spmbined gighal- ci rcui t, the
conbining circuit having two inputs, each input being
respectivelycoupled to at | east one of the two outputs
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coupled to a second output of the front end voltage
combieing j ciguidn dheragcond raginaerdiancenasnt icomuit iy cenpledatedthgrfirst gain

I t second i nput of. the ¢ i_nin .
cahafefitt SR e B8 30 SDniRato ke B el 58Bnd. gain
enhag@ui¥ne ¢ircoit taee fd coinn@al Burtshlh BreRIKERid Prévide two TddRcurrent

i rst gain enhancenment_ circuit and the second gain

f
feedfgryraid @aths fe theicombinng giy@ita conmon current branch and
provide two concurrent feedforward paths to the
conmbining circuit. [0008] In another enbodi nent of the
[0008] nv elmt another Binbodmiant of tleuintertiont thergaim circudiefirther inctudas a

. nd, circuit connected between the first gai.n .
virtu){ AL Rt el BelcpBe CERORHR CahoenAR HAnd the

secorfd §£illehh RReBBR FHcf B UhelsRlePniah 8 18REGBPbRALARN @B other
the other side. The reference potential fray be a

side. Jiheuatirensa metentialnmayhe avgroundatongediond The virtial grovediresit
. capacitive.element, a firs ermnal. of which bejn
inctofl RAREC BT e gl ah ShELEon bl Bhel Qe e
gain tehBaremend cgalin afd BN GestRdt g4h rlhiceaiRdt 2irSEEQAd a second
term nal of which bei ngﬁconnect ed to the reference

termipgh fryligh beipg oomiected teytireypferrince ptsatalent of the
[OOOQAnveIﬂté Al het Q&ﬁoﬁ%&?'oﬁ’%@‘m&ﬁéﬂs rth% lﬁh}‘? %[sela%ﬁjlﬁféf %%1"?1{131’
Iternating current coupling Circul aving arr 1 npu
includeupl ellerhatingheurfént Soupling circuit having an input coupled to the first
output of the front end voltage sensing and matching amplification circuit and an
output coupled to the input of the first gain enhancement circuit. The alternating

current coupling circuit further includes a capacitive element and a resistive element.

[0010] In another embodiment of the invention, the low noise amplifier further
includes a current enhancement circuit connected between the first gain enhancement
circuit and the second gain enhancement circuit, the current enhancement circuit
providing additional current to the second gain enhancement circuit. The current
enhancement circuit further being connected to the virtual ground circuit. The current

enhancement circuit includes a resistive element.
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out put of the front end voltage sensing and matchi ng
anplification circuit and an output coupled to the

WO pan410fis t he first gain enhancenent circuit. AEESG2006/000294

alternating current coupling circuit further includes
a capacitive elenment and a resistive elenent. [0010]

I n anot her enbodj ment of the invention, the |ow noise
[001H yp| dof gnether gmbréymang of theeigventions thenfrond ipnd rvoliagssensing and
j I CUI L ct.ed..b t Ir gali n n
el b SR e BRAREL o 0o B, AP N o

matchingragplifenbissuitenent circuit providi ng additional
current to the second gain enhancenent circuit. The
current enhancenent circuit further being connected to

oo1d1he N 1 58ULL - Uk hance :
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circugninclddeseat inplut tihd an rowgnit,i the outgwe bemgndoupled tuaint iaget of the
sensi ng .and matchin lification circuit i.ncludes a

seco EFiag HGRIFSRa HFBI # Porores o Bl i i Hginelodes a

feed BHIR rbdidtOF arfdl & Sdtirke rdsREbkZbndifle Bfe0IMaEe BPRAIBRIY it bPghe
invention, the voltage sensing anplifier circuit

voltagp e¢nsthesamapiifien pireuibnd an out put, the output being
coupled to an input of the second gai n enhancenent
circuit. The voltage sensing anplifier circuit

[0013]nc| mdesotRerf @aBRERKNT B5itld Mivedtich, aths QHACRInE CEhSIAY: circuit
sensing the voltage applied to the input of the

includey am gipus apd jan Ui bemeegoupled dpithe fifsh@ay enhanegrusng sprouit.

The RIRAH 1iffé¥ 08¢ 1BNA0E 8 @eeélBQ& ﬂé?i%t%? i QR él&h@rft da
circurt includes an I'nput’ and an out put bei ng coup &d

transistortphevitlingshe garde resiftanoatohiig. ci rcui t. The mat chi ng
anplifier circuit includes the feedback resistor, a
resistive elenent and a transistor providing the

[001@? ur Irf]learfoﬁ%r Shidodiredng IBT]L&Q? mﬂré}gpoﬂ tHent;l]@f‘ Q&lﬂ RhhARPAhE Ryt

the invention, the first gain enhancenent circuit
includes b Uthesistor tand ras resistive hement.r €h¢ seqond gaine pelpncenien circuit
hmkgecgﬁgf%ghp %nh%nqgnengngkrcuit i ncl udes a transistor
Ko 52 ?5?1@6'%F5ﬁ§ﬂ?.1f0015] I n anot her enbodi nent
of the invention, the conmbining circuit includes two

serially coupled transistors.. L
[0015]  In another embodiment of the invention, the combining circuit includes two

serially coupled transistors.

[0016] In another embodiment of the invention, the low noise amplifier further
includes a first capacitor peaking circuit connected between the first gain enhancement
circuit and the second gain enhancement circuit. The first capacitor peaking circuit

includes a capacitive element and a resistive element.

[0017] In another embodiment of the invention, the low noise amplifier further
includes a second capacitor peaking circuit connected between the second gain
enhancement circuit and a reference potential. The reference potential may be a
ground connection. The second capacitor peaking circuit includes a capacitive element

and a resistive element.



[0016] In another enbodi ment of the invention, the | ow
noi se anplifier further includes a first capacitor

w@e@Riosg4gi rcuit connected between the first geCTSG2006/000294

enhancenent circuit and the second gai n enhancenent

circuit. The first capacitor peaking circuit includes

a capacitive elenent and a resistive elenent. [0017]
[0018]n dnocartedrer emodimentitofothe tiheentiong titei low, noise aplifieniferther

. lpfier further.includes a ond capaci t pr . peaki
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a reféreficeipdterdidll Bhe RFQERRGRDIRBIERal Ve-a dldbnd @6RRAGE The third
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el ement and a resistive elenent.[0018] In another
enbodi nent of the invention, the | ow noise anplifier
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| . 0 . o]
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gain eshipk@tert @irduis ©6 @Ad stldtdadta Rfertie dotaimial e chevathéragde. The
sensing and matching anplification circuit and having .
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exenpl ary enbodi nents of the

BRIEF DESCRIPTION OF THE DRAWINGS

[0021]  Figure 1 shows a block level representation of the architecture of the low

noise amplifier circuit according to an embodiment of the present invention;

[0022]  Figure 2 shows a circuit level representation of the architecture of the low

noise amplifier circuit according to an embodiment of the present invention;

[0023] Figure 3 shows a graph of simulated performance of scattering parameters

(S11, S21) versus frequency (F) and noise figure (NF) versus frequency (F) based on



present invention. However, it should be noted that
the present invention is not [imted to the exenplary
wermsdiremts il lustrated in the foll ow ng fi guUPEESG2006/000294

BRI EF DESCVPTI ON OF THE DRAW NGS [ 0021] Figure 1 shows

the a?cﬂi’t!e@t%{‘e bRKE low %st@%ﬁfﬂhﬁ%f toffing ﬂﬁarﬁérﬁﬁb&ﬁféh%ﬁh@‘bresent

| ow noise anplifiér circuit according to an

lnveletrﬂmdl ment of the present invention; [0022] Figure 2
shows a circuit level representation of the
architecture of the |low noise anplifier circuit

[00241C COFiguRg 4 Ghaws eARCHEMR off a tdaBadifi RSHEHkir g ¢BMkidAource
[0023] Figure 3 shows a graph of sinulated perfornmance

circugf scattering parameters (SIl, S21) versus frequency
(F) and noise figure (NF) versus frequency (F) based
onthe architecture of the |ow noise anplifier

[0025]c c OFigung Stshows aatdooil ileveh teppésehfadon b drendrchitecrind bDthe low
%OO 4] Fi gure éﬁshoms a schematic of a

nois qucergulﬁgvé qq@acagyﬁ.fﬁ -SRUIFS cxrc{u@tm?rdmg fo an

embgdlglgﬁleofﬁhg. %t%\%hﬁfxy | evel representation of the
architecture of the [ow noise anplifier circuit with
capaci tive- peaki ng comon-source circuit accordlng to

002§ SHiee RRGedts & el st B Ao orolngr adeCav
vers@herBqey (W68 H Tofin®sHIgNEde EiFduiOlvith &P éﬁ{ﬁ%?&ﬂthfgebased on

circuit with capacitive- peakln%'based on ca | at ed
calcated saiwcaseanding oarasmbedipgnheht edfreaehtemryﬁ@tg@nand Flgure 6B

shols M B, 905 EL U5 OR: SDPYRR AN AL RLIHERSE, ) of

frahce of 406 garn PeqUEnCY

a coinod-soOrRWircad Wittartd Withodt capiditivdgeakddgiiséd on actual circuit

capaci tive-peaki ng based on actual circuit
implpmgntatihicepidang Radgradimens of thegweisal WaeRtios: t he

present invention; [0027] Figure 7 shows a die

m cr ophot ogr aph of a fabricated | ow noi se anplifier
[002hi pFizuredhnys taaliamiewpbotogreph offa fhiwécaprdeloantoise amplifier

chip 4Bk ST PR EE PO BPIRR ' (S2 1) and

i nput return | oss (S11) versus frequency according to

an enbodi nent of
[0028]  Figure 8 shows a graph of simulated and measured performance of power

gain (S7;) and input return loss (S;;) versus frequency according to an embodiment of

the present invention;

[0029]  Figure 9 shows a graph of simulated and measured performance of noise

figure versus frequency according to an embodiment of the present invention;

DETAILED DESCRIPTION OF THE INVENTION

[0030] Exemplary embodiments of a low noise amplifier with noise cancellation
and increased gain are described in details below with reference to the accompanying
figures. In addition, the exemplary embodiments described below can be modified in

various aspects without changing the essence of the invention.



the present invention; [0029] Figure 9 shows a graph
of sinul ated and neasured performance of noise figure

WO 20081041918 equency accordi ng to an enbodi nent OPCT/B&2006/000294
present invention; DETAILED DESCRI PTI ON OF THE

[0031]NVENIG.ON sh&R38 Q] biEXe vk Rfepraaixadonrontise BichRedn@® dFoths Sow

anplifier with noise cancel]lation and increased gain
noisea pEPHESC pirpaid a¢aerding 40 |an prabedimant Bf tleg sresenteinventione The

archige%_gl(?%?w& 1% 1f1<51(s?éJ @égﬁ%rgﬁoﬂ%%sgé 8 ’chet ﬁg ‘?f)ﬁggﬁngﬁéﬁal blocks,

ment's descr can n vari ous

namei$ panitshing biplitiec ticsudt 109, hh@lteges&msmg@ﬁrcmln €02, an alternating
inyention,[0031]. FIG 1 shows a bl ock | evel

in

currepb el %‘H{P!ﬁlg GHC‘BF 194 fgﬁwﬁm gphancement qingyit 186 fgscerd gain
enhafildnt bfibuif LOEM YirREC Aot inhile 3 S URA M aBimEdibironi
112 andpd combmingpeipouitskid. Signahfrofrodd mpungpuremtlé sndelivered to an
) bl , anel a natchin a | i circ 0

inpu) g TS oo DEHRS pehs e PomerS pBs AV (o0 ki, o ibe dRgtching

amplif¥ekia ROO f@pé‘d’tlﬂ/@lﬂf‘ ’Thél%‘ltag% sEﬁ§i1§é arflfli fler oA ‘imé}fses the
circuit 106, a second gai n en hancenent circuit

signaj jand waisegiobiages asrass he nprdsousce 116. ekite witage eemam amphﬁer

cireu, 1% GompdSsses Dol 3Pt (EHLEN & SrthachEigpr (B e

matchﬂdgta@qﬂlfﬁﬁ Bﬁd:lﬁgl(ﬂ)‘f?bk/fdb@ma@dhirfguﬂotthéQ&rwﬂn}@ﬂahdér(% of the
the mat ching a ier circuit 100 respectively. The

input, gkl 6s éfﬁ@.m@claﬁ@ appiiser eir¢ua 190 euppiseh 964 refigtor (Rl),
|
feedtRicl Q@&Tt?ﬁg}ﬁ ggﬁ gﬁ t}éeglsésl%g ftﬁ@?c’fﬂéﬁm{&ﬁ}g %@Eﬁ&%ﬁfcﬁﬁ 196

clrcu conprises o
the ‘aaltagel rseﬁsmgsmgﬂmier (cﬂeu)utailm forfosedlfak endsvaltage sehdfipg and

he matc rcuit 100 provi des mat ¢hi n
matefy B8t HBP ‘Eﬁ“ B ch%ﬂgdiaﬁ;c &%Eﬁs ilgB? #ik DO ENERS A Maihing

ampl iR iBR LN} &%rﬁﬁ@ |1h fa' s@r‘iglé: efrEt haviRP af Qﬁfﬁft 'aﬁ@ sth foubuts. The
resistor (R), back resistor (Rf

outputrsagrsil $ioor t}(el\nn)ttchmgeanndtf@h |cnrgu1a APO iis dérvemdr touart inpgQof the

h i f

Ac Plgu Gre A ThERERHLPEY Brori Bl e i et Pem
(R7) @hd GUabacidve WBRER (E19MEe ANFLINERE oS BRAO onﬂiﬂﬁlg circuit 104
matching anplification are perforned in a sin

is deliveredi to amvmg cdnthe st 2aindenbarcesipn girsuit 96. &1}@ pirst gain
enha.gé : nglfé%ﬁ odé}ﬁm%s%{bﬁ?r ?l{%%lr '(l%)eéjndcd t!’r&féisttorj(%)"ﬁle output
signal of the voltage sensing amphﬁer circuit 102 is delivered to an input of the
second gain enhancement circuit 108. The second gain enhancement circuit 108 is
coupled to the first gain enhancement circuit 106 and comprises of a resistor (R2) and
a transistor (M2). The virtual ground circuit 110 or a decoupling capacitor is
configured between the first gain enhancement circuit 106 and the second gain
enhancement circuit 108 for creating a ground node at high frequency. The virtual
ground circuit 110 comprises of a capacitor (C2). The current enhancement circuit 112
is configured between the first gain enhancement circuit 106 and the second gain
enhancement circuit 108 and is in connection with the virtual ground circuit 110. The

current enhancement circuit 112 provides extra current to the second gain

enhancement circuit 108 and comprises a resistor (R8). The output signal from the
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AC coupling circuit 104. The AC coupling circuit 104
conprises of a resistive elenent (R7) and a capacitive
web@somo4g Cl ). The output signal of the AC couptT/6G2006/000294
circuit 104 is delivered to an input of the first gain

first SARARGRIRBMeR! CRMiE 1086andThR bufpst sggﬂan fﬁﬂﬁ‘&ﬁ@%@%ﬁd gain
circuit 106 conprises of a resistor

enhapeeppit sirepit (108)are ?h@bmwpntthewgmbmmg Ctrm;t \IMtt@gaéoduce an
outpﬁ‘tf f%{xgp ﬁ'ﬁpl Tfel Hrst®! rﬁa r%gé#lé:e{n'e erlc{li:fei@g E 2 an%o g o Igam

€ second galn UI

enhagédnier® Ndheaft e108 ind ithe wirtual Qolndl epeit adotorhie phihStircuit
gai n _enhancenent CIrCUIt 106 and conprises of

POSlﬁl‘é?FiﬁeB’Y ee{‘F@? fepmd end VpUaas) sepgipg (&W)matqiﬁgg @Mlﬁgwon circuit
118 9h@ gur egﬂgg citdfdt QL4 @? ?)?&%’Ep ghlﬁgelﬂ'%ﬂée%én? to ! ﬁe low . r}mse

con ween t irst gain en ancenent ¢ reui
amplifiG careditt Tiee geo oircuiteicaiventvanmuesipnads aed gmemas tfiw@r output

. reating a,ground node hi.gh frequenc eV|rtuaI

signils St s LSRR COBRd BE SO BRE BTG Co) | The
current enhancenent circuit 112 is configured between
the first gain enhancenent circuit 106 and the second

[0032)ai nFEahAsbews atcitsbitdevel rép8seatadion ofithe @miitecttiieont thictlhw

. the virtual. ground circui 10. . The current .

noisc. ifplfidre i B R 4 5 epbodiment SEfe PHsEbusmtiop T ront

end ﬁ(ﬂﬁt@@ deritigand @ Osa FBMHpliGitdtionl dirch BoMPHsG&UT VoIREe Sensing
resistor (R8). The output signal fromthefirst ?aln

mplifierircairard a glaiding ampeies sceih é%mottage snginglmphifes eifmit
cm BB B EPLSIGTTTIs 5 L P o SOTRLAS 0,
The T&ibadh eesfstars@ fy abmpeisdsatvae l&ﬁﬂﬂ; aC first Weind ddﬁﬁledt tl@ethe source

. se d gain enhancement circuit 108 and the virtua
resispy 2@%@&8@9@@ engsoppieLo hegngtrhipg ﬁ@mlgerp%uttl Sprepatching
ampl*?ﬁér}’@ﬁﬁlttcgﬁl HEQY rc%ﬁ%rv(ﬂl §, 806 fRAPXING ﬁBteﬁlla' z{‘ﬁ’ansmtor

fication circurt 1187and the co |n| gcirc
(M1 The ttnanfpstox/(M &) iganNMvaogmses off Dsdubee teommalp agete termmal

and EF e inaf T8 Taveae EQiHS ob it itos RS iiveledp o Boting
connSetRHE UEBdtE YorfRiHD o €6k Rinsif® @OMbis Hobpled itd €A first d4d of the

[0032] FIG 2 shows a circuit |evel representation of
feedpagk rawm {hf ragd ¢ho fraitierminl abiheetransistarf(Mel) igicpeplid to the

secof}'(ﬁ 8194 0 on fée(()i ?i@f%g( Qénieggsﬁtgrg(l{ﬁg ﬁ% &@X@Jbl ngrz:ircult.
The mnkdrf(RQabd)rﬁpnms e ichds; Qnist &&Bccm‘pleﬂ teahé den semiiahgf the
transistor (M1), the second end of the feedback resistor (Rf) and the AC coupling
circuit and a second end is coupled to a power supply. The AC coupling circuit
comprises a capacitor (C1) and a resistor (R7). The capacitor (C1) comprises two
ends, a first end is coupled to the first end of the resistor (R1), the second end of the
feedback resistor (Rf) and the drain terminal of the transistor (M1) and a second end is
coupled to the resistive element (R7). The resistor (R7) comprises two ends, a first end
coupled to the second end of the capacitor (C1) and a first gain enhancement circuit
and a second end coupled to a power supply. The first gain enhancement circuit

comprises a transistor (M3) and a resistor (R3). The transistor (M3) is a NMOS

comprising of a source terminal, a gate terminal and a drain terminal. The source

8



anplifier circuit and a matching anplifier circuit.

The voltage sensing anplifier circuit conprises of the
waomsoeonesi stor (Rs) of the input source and PEESG2006/000294

feedback resistor (Rf). The feedback resistor (Rf)

term{p@IPF Ie Galisidore(MS) istedupldlt toeh @ecddPsl chRarlcBReMOMFGR, a
resistor (Rs) and a second end coupled to the matchi n]gd
e

virtuglgyrird eircudt ausup evrrer enhancemieniociensp) i gsfe trminal is c;fup
o OEQIBISES 4 6 ShAks (o BERkEEHREF iy 85381 e

draincterminilsie sowfled@tosihel FsBtdréRB) Mal a canlgfing dirgtitl Tha rediftdr R3)
drain termnal. The source term nal of the transistaor
comprigey tyQ efeg]ufa%éﬂ epdcop e deHhisEninghof the rapsgter (M3) and
the cpfbRg birclhy A SO bl Rhuploll ) ety Pid Woond pain
enhapemnminh aircgit shives theaswies tivect (dcenti DCp bizneld with theefirst gain
second end.. of the feedback resistor (Rf t resj stor
enhatlﬁn)e"gr?&% <¢\~°c85%1b?>¢/n éa@eﬁoﬁﬁtwe?ﬂetgwisfogt@ﬁm resistor
(R2)F: AHRIsb&RR dafPer@RfSement Eirbifit c&ﬁi?‘is‘é@ﬂ@faﬁﬁst%? VDRt 2tddistor
termnal of the transistor (M), the second end of the
(R2)s Eesisarsistord MBtina NROP camprising of@ sovts!temegnali a gatietteramivial

o § SEROBERER 1, SRR D  BRERTARP ) Fofe v

groufi®drEicotiod, %) gatd RemBapi &blisled (Cihk HaHAAI0S G fe¥dbablpeisistor
a first end is coupled to the first end of the

(Rf) e fhiey gte tormynal oh hestaansistor dvH) ind the draire tvmiial iseequptadrto
e okl 9 A0SHCCARBAR BB 18 LB TRl 1) B
first divecauptadsib dhe {daif) teomimpl dfsths tramgisten@d?) andfthe sdmbinthg circuit
o O S B S A e
circuftO4fl 8 diPret BRYMREeRSRRYuit TPRe fvlivrglﬁ'i A& GRRANGRIERREs a

circuit conprises a transistor (M3) and a resistor
large( ®puplitkge capagitieri €320 rthginB¥ates asgriidSnedept high rigequéney. The

capaGfl (€3) fFiPlpEhuaadith ik S kielBind oA End 8B Btstr
(R2)! sovacesRemii@dl gk ealiang tanll 4 Ewittend D Fesidldr (BBPURE a

circuit and a current enhancement circuit, the gate
seconds el g | coupledolph egrovnyl cprnestiennbe surent erfmnegpenti ¢ivsuit

g &t ISt
om0 080 05 RO B P 58 S 6 Bl e
powarasupplyl The combitiihg cifbidt c@rpiides rtwoRBgnsB@IP (Ve dMMI)WBoth the
' [ inal of th
transtes?(g{g Q}/Igt MSS M%&%}Lﬁs?ngt (())f e} sho%r&rtg}rrrl]ingl,eg rgatgqcemgnal ang a

drain terminal respectively. The source terminal of the transistor (M4) is coupled to

the ground connection, the gate terminal is coupled to the drain terminal of the
transistor (M2) and the first end of the resistor (R2) and the drain terminal is coupled
to source of the transistor (M5), giving rise to the output signal. The gate terminal of
the transistor (M5) is coupled to the drain terminal of the transistor (M3) and the first

end of the resistor (R3) and the drain terminal is coupled to the power supply.

[0033] In FIG. 2, the gain circuit comprising of the first gain enhancement circuit,

the second gain enhancement circuit and the virtual ground circuit provides two

9



the combining circuit and a second end coupled to the
power supply. The second gai n enhancenent circuit
w@b@ses9ghe sane direct current (DC) branch w paT/s$6206/000294
first gain enhancenent circuit (as shown by the arrow
conch@éerRRdforwagl paMRE ftdYB) theNFokteshd tv%[ta%é:\)%}ﬂsmgﬂﬁﬁd SR6RRklg
ai n enhancenent circuit conprises a transistor
amplafingtion cirenis tothq mbmrngecmquetr@s; shown bynthe idotted mms) The

t d
gain FRORIF L Bk Rt Brofi' e B B Bih wpdBel i} B BellRin BT fp e
first £d¥R Jenhancee debult@ohipeisip Af tEnsieon @OI!Z),QBSlstbxhsg ahe second
termnal is coupled to the first end of the edback

gain \eRRINCERIENY GPitaermpriengyat Bansisien (P, aesisthe (R)adsi sy the
same(%ges"mghé E\gseﬂE f‘re%ﬁfo@(ﬁ@ l}-kc%g\v&%ﬁghg gs X O?l?c(e@?& e Qlits

|n|ng circ
contritont® addigendl woise rad syella Therefire asidlg ¢l pdoed paramitees fbr doth the

terminal of the trans or and t he conbi ning
first ghiel GRgangsThen SRRt p RSSO A28t SRS ATG pirgyay Fray not
alwa?ﬁﬁ@ﬂﬁedﬁﬂial ehéiedlid terth§ 8 ¥ &kl @bisg ?&‘f&%e{ﬁ'cé CHiid an%ﬂgls can

he current enhancement circuit. The virtual grourd
be showndelaw.dompditionstha lavangise dmpbfigd diregit cyaﬁagalm owrcyiiGR)shown

in TG 4P B (Rl P S et Cemofi FERE o, iR e

compiaed REtHS 88D raﬂc}ﬁtrédtuﬁﬁ wittuf Qﬁé A dircdik , asS QR in ¥r10r art
termnal of the transistor (M3) and a first end o

publicetiqns {"S¥ide-heyd LOS SewoNaisendimplifien kapkdting Thegnguhigise
Canc%?ﬂ%’e%ﬂ%osl? i c@%)e?QlT 18RR %BS&EPB{] g&g(;-%h]ée c‘rfrgg]? é't\go;‘f.sw,

he Tresi he "secono
No.2( R&yruarg 200hnect ed to the power supply. The conbi ni ng
circuit conprises two transistors (M4, Mb). Both the
transistors (M4, Mb) are NMOS conprising of a source
The 4BIy8s8hs fflogRL € termnal and a drain term nal
respectively. The source terminal of the transistor
(M4) is coupled to the ground connectlon the gate
nal. is coup led to the ain ter

The 5t ndif S PRBY STOmPREC R SEER AL TMDIHE FEeisRE} apdfs
th?&%ufgg‘Q&gy%g§%5qgnal is coupled to source of the
r

RSt &t giving rise to the output signal. The
gate termnal of the transistor (Mb) is coupled to the
drain termnal of the transistor (MB) and the first
end of the resistbp={RERand the dthin termnal is
coupl ed to the power supply.

This relationship has been stated in prior art publication “Wide-band CMOS Low-
Noise Amplifier Exploiting Thermal Noise Canceling”, Federico Bruccoleri et.al,
IEEE Journal of Solid-State Circuits, Vol. 39, No.2, February 2004 and serves as a

reference for comparison for the enhanced gain of the low noise amplifier circuit as

shown in FIG. 2.

At node C of FIG. 2, the noise voltage due to the first gain enhancement circuit (M3

and R3) can be expressed as

V2, AT (NEF-g, o+ 1Ry YRy2-Af )
10



[0033] In FIG 2, the gain circuit conprising of the
first gain enhancenent circuit, the second gain
wenwanewaent circuit and the virtual ground ciPCUBG2006/000294
provi des twoconcurrent feedforward paths fromthe
Whetd ont end vol tage sensing and matching anplification
circuit to the conbining circuit (as shown by the
Noisd gxeassl fagtar §NEF) =They,@dgi, r2yatd the shanngbcangdoctheesd s ¢-0)
pat hs can be kept unchanged if the parameters of the
(for wbﬁg@rogMQSEﬁ”ﬁad\é@ﬂ@melbﬁmmili conpri si ng of
. transi st.or resistor (R2) and second gain
Aflsélfﬁ %ﬁ%uz%g)ﬁltb(ag/g%%%'t conprising of transistor (M3),
resistor (R3) are given the sane values in the absence
of resistor (R8). However, the gain enhancenent
Pract¢allyuMEE™ g, pat i ilguine addidon, ithe adsernwlhese naise wer binit bandwidth is
Therefore using the sane parameters for both the first
also gepistdegathancenment circuit and the second gain
enhancenent circuit may not always be the optinal
choice in terns of overall noise performance. The
Thus B@layish $2)ccan beaimspleed 4el ow. I n addition, the | ow
noi se anplifier circuit wwth gain circuit as shown in
FIG 2 can be shown to achi eve a gai n- enhancenent
factor of gm RB yeRIE8HN;Ld“with tf8 architecture
wi thout the gain circuit as shown in prior art
. .publicatiogn_ "Wde-band CMOS Low Noj se. Anplifier
Similpsty ab npdie l), the @piss volegestuede proeng gain enhrangspepicircuit (M2 and
' .al, IEEE Journal of Solid-State
R2)c%{y§ﬁ;|&%r§sfsé ol . 39, No.2, February 2004. The anal ysis
is as follows: The gain Av 2 of the output
commmon- sour ce lsztn%g%pNEE@g;?REﬁ ng ciregit (M4 and Mp)
W th output noise cancellation is This relationship
has been stated in prior art publication "W de-band
The @MOBoikowolthigrssee Ampbirélated. Ekeyl oad inoy b hrancdéd Ngi sibsequent
Cancel i ng", Federico Bruccoleri et.al, |IEEE Journal of
comb@iing GirdiGt o Gircuits, Vol. 39, No.2, February 2004 and
serves as a reference for conparison for the enhanced
Referd@i theQfutpitendde\Wwaigti 8 AT idhé € edtr Sin-bnldSce&R@Wcitddit and
FIG 2. At node Cof FIG 2, the noise voltage due to
secondrgairf gnhgncegzang cispiiicement circuit (M3

Vzn,out=4kT "NEF' '(ngRZZ gm42/ gm52 +gm3R32)' ®)

Equation (5) shows that the noise contribution of the second gain enhancement circuit
(M2 and R2) is more significant than that of the first gain enhancement circuit (33 and
R3).

The output noise of matching device M1 can be canceled by properly designing of the
gain in the two feedforward paths.

In FIG. 2, the cancellation condition is given by

RygupRy: gm4/ Ems = (Rf+Rs)'gm3R3' (6)

11



and i ?3) can be expressed as\Were Noi se excess factor
(NEF) = T S so Sm( ds s e cnanne conductance when V
w@20080e4subm cron MOSFETs, NEF is wel |l above RQT/B52086/000294
t he cal cul ati on bandw dth. Practically, NEF-g nm3"\IR 3
ThereforeNeq@bd (HMecdh€ case where noi se per unit bandw dth
is also considered. Thus, equation (2) can be
sinplified as Simlarly, at node D, the noise voltage
due t o¥8egprd(agaRy) ¢NhaR¢REr, Hci gy {M afl R2) can
be expressed as The two noi se voltages are
uncorrel ated. They can not be cancel ed by subsequent
wherg o WVAY. circuit. Refer to the output node Vout, the
noi se due to first gai n-enhancenent circuit and second
gai n.enhanc nt .circuit j.s Equation,(5) shows that
From{ FuaBR LA Y st [eGitdpligh, o Zetpribnen™Bhy Srvilingan e
minirBize€Whtn {M and R) is nore significant than that of
the first gain enhancenment circuit (M3 and R3). The
out put noi se of matching device M can be cancel ed by
properly desi @}}jzf&l3@f(lfﬁ_¢Rg}¥i nin th&)tw feedforward
paths. In FIG 2, the cancellation condition is given
by RsSn2 R2- ShnASnSE = Rf Rs>S mR - (6
And thy FEpigFsR eUtPEHRAES WHtags)s becones where a=4kT- NEF. From
equation (7), the noise contribution of
gai n- enhance t cixcuit can be m nipi,zed when And the
i ni num out pgfﬁmi@g%%ége i's ®

Note that equations (7) to (9) are obtained under the noise cancellation condition for

the input matching amplifier circuit.

From equation (8), the condition in equation (6) can be simplified as
815/8ma = Ro/Ry (1+ R/Rs ). (10)
Consider the overall small-signal gain, we have
Ay = A, 18R 80Ry 8na/8ms
= (A, 1 +1+ R4R )-g,3Rs (11)
where Av’1 is the gain of input matching amplifier circuit,
4,= (gmlRfl)Rl/Rf+R1 . (12)

The result is a gain-enhancement factor g, ;R; when compared with the architecture in

prior art publication “Wide-band CMOS Low-Noise Amplifier Exploiting Thermal
Noise Canceling”, Federico Bruccoleri et.al, IEEE Journal of Solid-State Circuits, Vol.
39, No.2, February 2004 whose gain is (Av’1+l+Rf/RS).

12



Note that equations (7) to (9) are obtained under the

noi se cancellation condition for the input matching
w@eBiofioes circuit. Fromequation (8), the conPCT/BGI06/M00294

equation (6) can be sinplified as Consider the overall

[00345] mal FI(Si YRROWYAI graphvef Bﬁ\i/lﬁatéd effornahct T 3BattetinEBaraneters
(A vL+l + /IRs ). 11) where Av is the

(Sllg§2H \@rsuﬁ disauensyt Eh gy nalﬁﬁ lﬁlgflﬁ R ivieesys frequeney (Esbased on
the efr?:hlt@:clgl?v.lh ﬁ{éhl%Wﬁ&@@tam&)ﬂﬁglo E%C%m%%l ), T onnﬁ% g:%%én‘b% are

arc ect ure’in
used%%@xbmﬂlmﬁ@tmmblnﬁg ek slﬁnplamdt perfprihbsgenwith Netissefigure of

abouS3E 2] BPoetih (e sbow 12 55l b A g by <10
B 3o ol ey robtor hiFen LRI I 0.6 TA W asi

graph of sinulate forrmnce of scattering
considgratines ef para@tit camnt)nw@rthaﬁ fdBelopmdmudth (iF pband .nai 8 63Hz.

e b Gt e S PR R oo et v et SPapnotage of

aboubFl &v. 2. 2pF capacitors are used for input and out put
coupling. A sinulated performance with noise figure of
about 2.4 to 2.8 dB, gain (S21) of about 12 to 15.6 dB

L A T e

of Fi@sR ctoC dinghet ewidenotie o3- dBal‘baﬁd\tnldm GIPaG NAMCEEHz. HEvevdr,
dB bandvm dth is about 1.5 to 9 GHz. The whole circuit
excegH e lieHm %re%\%%tbe f@n%lmﬁdpbsbfheclalrgﬁéﬁﬁm‘aﬁ gHnpongaisy phergfore,

an 11.‘1(91 tAREs %B%I%E by gi}\{ rﬂagﬁgéﬁleaﬁ‘ﬂgvﬁn& (:ﬁgéél JHIG. 4 shows a

duct or ing t ques can bBe ap
schelammm iof exc tapragitdfe-febling conoménisdures cisbuienlttineadoBtedBirom the

w dth b d 1l I
sourg g hrpforp it Eﬁmﬁeﬁhwanaﬁ@vwésn%iéé@f@' OB

compri¥e§ 6f PlrBnsisdy, h@é%i)s%q{ ﬁs&lm oafh daphdi@reapaci tive
peaking i s expl oit ed. BI'G 4 shows a schemafic of a

capaci ti ve- peaki ng conmon- source circuit. It is
adopted fromthe source degeneration architecture. The
The gaalpaﬁthﬁ gecugd2Ricag be visisAa8our ce circuit 122

A= Ry Vg, +R |C, = R;/ 1/g, + 1/ IR, HjoC;  (13)

For the first order, Cp provides an increased 4, regarding frequency. This effect can be

understood conceptually from the resistive degeneration architecture. It is well known

that a source-degenerative resistor Rp degrades gain and improves linearity while
capacitor Cp provides a signal path in parallel with Rp to a ground connection. At high
frequencies, the path through Cp has low impedance. Thus, the resistive degeneration
effect is degraded by Cp with the increasing frequency, resulting in an increasing gain

characteristic.

[0036] FIG. 5 shows a circuit level representation of the architecture of the low

noise amplifier with capacitive-peaking according to an embodiment of the present

13



conprises of a transistor, a resistor RL, a resistor R
and a capacitor C The gain of this circuit 122 can be

wowrisberd4as A RLJ Vgm +Rp \Cp - R1J Hg + X\ | RpI/$G2006/000294
(13) For the first order, C provides an increased Av

inveRER!. ATIRD cAfRANRRRYkind hdn%uﬁ @8t ok r#gﬁn&ﬁgc? R R0%rst gain

conceptual 'y fromthe resistive degeneration
enlgnedment clingnig. the tse¢andvgsiin ekdmovemertiatrenit and the comblnlng circuit

N e R B e R G

path in parallel wwth Rto a ground connection. At

gh frequencies, the path through C has |ow
[Ooﬁﬂp ed&he ecapppiive-perdng esirati vI22d dgwiementedninefthe o first s gain

enlgﬁgérﬁgx? gll‘plylt 1%31\%51 1;1 a.tn'&%d %ﬁélegéac?tgfi )qetngldg%l to&ﬁ%% ig Iﬁg} 5

I NCreasi ng galn ar ac

whSIln Owapﬁredltdi ahe blrd:lﬁ‘ts/ﬁi FI(%.DZ EBlRNEapatitnt (@)t chﬁhprlses two ends, a
ar chi tecture of . the | ow noise anplifier with

first gphisi qompled s airsieend f dhasresitor 6Rahardhi srfond sod éF cqupled to a
secBhE §1ﬁﬂtn? A BL¥id; Iliﬁ;g?ﬁh}é:@??%«f (ggﬁ% Qﬁﬁﬁgﬁggﬁg %@&' iteSirkénd of

are |1 npl enente cl rcul
thetrbsstee@ysids gaupled ttha napanitort (C2) aodib resistat (R "ﬁmﬁeccmd’l@ld of

circu vel Th capaci ti ve- peaki
thecsapgcior $C53508, 18 Frcghd eaﬁfpz St B B £eRlcy fo gy source
terrhiH] 628 ElahdiMEr @ARKI NG Ci rcui t 122 inplenented in the
first gain enhancenment circuit results in an

addi tional capacitor (Cp3) and resistor (Rp3) in FIG

vvhe coadtothemr it i.n FIG .2, .Th o
[0038)0 00 PBRHETe b FEbF L2, Hhplentindd df"Hie, spepnd  gain
enleAcphed cirmarefsmltsslh agnddiebnilRepdcst &L, ? arldRestoR (R, Fin FIG. 5

second end is coupled to a second end of the resistor

whemrgempared g thg P%‘imferF Y 3-hEhecegpasitardCo) Gomprigat tw ends, a
first bAG s BB leg &%I}ﬁst F ﬁ'o%ttﬁ)é reglRﬁ))r %%ﬁ? ar?ci?% Qéc%ﬂd ER4 & co plefi to a

capacito aresis second en
secbhxb erxbpicthe taist¢r(Rs). Bindfitshendsefthe ch]_:ﬁmmrc(fipzt) hﬁd fesiiist énd of
coupl ed to the source tfer

they Eﬁﬂgﬁ Gfpa} is GoEpled [te) g gEpunsheonageiion: { n}lv é%’@é p@pﬂ @f ¢he eapagitor
(cp})Za?ndl #hBlsesmRatead Jfithd ﬁﬁlsﬁﬁ f(ms* 19@6@1&% %H& SOREL tebinfra¥ b the

results in an additional acitor and resistor
trafsgy@)(MA). FI G 5 when corrpared to the CI rcwt in FIG
2. The capacitor (Cp2) conprises two ends, a

[0039] The capacitive-peaking circuit 122 implemented in the combining circuit
results in an additional capacitor (Cp4) and resistor (Rp4) in FIG. 5 when compared to
the circuit in FIG. 2. The capacitor (Cps) comprises two ends, a first end is coupled to
a first end of the resistor (Rp4) and a second end is coupled to a second end of the
resistor (Rp4). The first end of the capacitor (Cp4) and the first end of the resistor (Rp4)
is coupled to a ground connection. The second end of the capacitor (Cps) and the
second end of the resistor (Rp4) is coupled to the source terminal of the transistor
(M4). The capacitive-peaking circuit implemented in the combining circuit also results

in an additional resistor (R5) in FIG. 5 when compared to the circuit in FIG. 2.
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first end is coupled to a first end of the resistor
(Rp2) and a second end is coupled to a second end of

wo b@sneiust or (Rp2) . The first end of the capBCi/862006/000294
(Cp2) and the first end of the resistor (Rp2) is

OUPERE, oy ORNGGIul A8 pdiemsestd wiidg®fainh@av)
1004 apagﬁgotrsg(%g?%s a%p?he second gnd of the resi%t gr

versfsRir2quensy ¢Bupf e conunarheouserueisanit withi qanncitbye-pepking based on
t.ransi stor R)., [ 003 itpve- [ kI EMI
calof55 40t GFEPREH ProCRCR e i e PESRRER G, 6 e
d 4 agint-050 {EDR) =arvd M.EB] S0, ((Rp4) pFrFdIFIG.
pﬂa@gﬁiﬁegi%%?@dgﬂtno t he ciR%cui_t in IlFI G 2. Thep_
6A, tapabe sem th@phy peaking issdsar.twiicle pergpensates faytthe Righ fiequency
. co%ga‘ggd to a. first .tend of the resistor (Rp4) and a
gaingl Rpgrastic BRI a0 a second end of the resistor
(Rp4) . The first end of the capacitor (Cp4) and the

first end of the resistor (Rp4) is. coupled tq a grou
[004EbNnEEG; 6B shtives & exsamiuiof sianwated merfprpaRcet Yr vY188)2alh 1Y)

th f i stor i )
sk EpRBSRL S DE 0 5L 00 (P gt becut kg
basedamaetial viecupeiaiglagertitictuistshowp i PGt 2dnd RIGh@respectively. In
con‘_ol ning circuit al s% results |.naq§2%a6%|ﬁqonal ters.are as
FIG: 6B; Sheqrargmmelyrsiage st bs AP BB é’aéefrp%fﬁ t
fonc'bvgsr- o B h90gOL flo%, ﬁA—Slnfboiz}';\c/:?%i ?P.hFl%h FIGUEB! Q6ar gain

mance of - vol t age @é_i ersus frequency (F
peal@hg ds GOBITDET. SALII®R fedquentiss, \eirdundc il igbinvésgratikiongs ound

; . . ' putke
betveent 8 TOVI B PO AIAKEE G20 hen Bl Ar EIHEE pBikif ¢ heeltie,
Whi{‘}?%}lrﬁ?%éhggf)rc_cti%?rééﬁtor%legéne%ﬁgnw Ro = 10 W Cp = 2 pF.

can be“seen that the peaking is
cl ear, which conpensates for the high frequency gain

drop due to parasitic capacitances. [0041] FIG 6B
shows a graph of si ém%ﬁﬁgﬁﬁance of voltage gain
(Av) versus frequency (F) of a conmon-source circuit
Wi th and wi thout capacitive-peaki ng _based on act ual

[0042] r c Uit effisienme miatheorevadowhenire PRIDHFE] cooyhdvas) rsrifipd by
respectively. .l.n FH.G L r :
expEBE LY of B LoFicaRi rh IEuBE TR ) BhD, e fok Aise
amyier c@Buifas RlbrieatkdGn WiwBgpoky dighidne@d 0= 32umpRriplerwell CMOS
FIG 6B5 clear gain peakjng is observed. @toéﬁw
tectmolayehr @4 OTeRaCeE vef WMIOS BRBTIRTAL P 0T HAung

[0043] FIG. 7 shows a die microphotograph 124 of a fabricated low noise
amplifier chip according to an embodiment of the present invention. As the passive
devices used are only resistors and capacitors, the low noise amplifier chip with test

pad occupies an area of only about 415 pm X 415 pm, which is relatively small.

[0044]  The measurement of the LNA chip is performed on wafer using Cascade G-
S-G RF probes. FIG. 8 shows a graph of simulated and measured performance of
power gain (Sy;) and input return loss (Si) versus frequency according to an
embodiment of the present invention. S, is equivalent to the voltage or current gain of

the amplifier. Similarly, the magnitude of the square of Sy; is equal to the power gain.
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between the plot with capacitive-peaking and the pl ot
W t hout capacitive-peaki ng, which exhibits the effect
w@boosme$193% or degenerati on. Experinmental Resul t BCT/8G202$/000294
The efficiency of the new | ow noise anplifier circuit
The VESul¥ted | hhgiehuBy pwRErddient alppfagmhiely ab.5t BB hbrthe at edn
integrated circuit (1C chip. The low noise anmplifier
bandwidtl s epmasimasdly idcter b7 iGHa Thiomgaiuyedemgrimur (paivep gaip is

- - hnaliagy; > c
appr EI %%lyﬁl %teédgnm S-E o&r}flgs ov g&yﬁoa-gg?zxm Bﬁ&%]té El%géﬁ} fhe
freqlmhqmﬂela?end}aﬁf diliifi@fanﬁb otlaegr aniélpail:ﬁl@ ok meésﬁgrdidp@trﬁd gzii?Wo hthe
) oi se a i fier chip accordi ng to an enbodi nent of the
Slmu{éff‘é‘s@wgipa%ﬁtm% likply quedo dhes extipeatasitic ewpagitageningthe real
. ot -t ’ . Cfi
tin PSR B5s 30 6200055 008 O 1243 ATBIL) o
supplyrmoXagd &f abopt WAiVe T hiesimahtet iveit yetsmelbss. is pAfyddimatdip -10 dB

a t of the.LNA chip is perfor on r
over G35 A A a D gie st iibrepiigess Ts BRetag THB B2 Siagh G
which! SEHWaURE r8GGivABRRHE SbdBSid QLB Ally RPME T 981 haéhing
1) and 1 nput return [oss (511) versus frequency
resistagceorwdt thy W Whafrerhads.nent of the present invention.

S2 1 is equivalent to the voltage or current gain of
the anplifier. Simlarly, the nagnitude of the square
[0045)f SFIG.I & sROWRla E@pht e sRAWBIed IHATmENr&! PitkRhRfce of noise

maxi mum power gain is approximately 12.5 dB and the -3
figure Betguh Gaguenhy pecosdipg ox prrambbdingnt of the preseppzinvaton. FIG. 9

show TR hE St WAV i Fallal B BT RGP Byt gy

rangel BE approguenely Tepomdentz. FIG @ g8 8hywie that AP aldafged Mdise
neasured power gain tq the sinulated power grlai nis
figurgds thigheg 4t yanpreximateln 8-Ge 4 a8 98 ¥ert the wasisn Eicusnes srapge.

L P t |
e B8 SRR S ey LARL o WmrR0 2 0
GHzabaproximately 4 TBe si mul ated i nput return loss is
approximately -10 dB over 2 to 8 GHz. The neasured
input return loss is less than -9 dB over 2.8 to 12

[0046PHZ, TiED iaf’d?eﬁ@&}’&e& hfeséﬁ%%o”ht b¥Y &hé Nubibud eesasKent$ ads been

éffectively offer a 50 'Wmatching resistance over the
presegial foregumaedsesf illustration and description. It is not intended to be

exhaustive or to limit the invention to the precise form disclosed, and obviously many
modifications and variations are possible in light of the disclosed teaching. It is

intended that the scope of the invention be defined by the claims appended hereto.

16



[0045] FIG 9 shows a graph of sinulated and neasured
performance of noise figure versus frequency according
wao 00ai4apodi ment of the present invention. FIECT/SG2006/000294
shows that the sinulated noise figure is approxi mately
2.8 to 3.6 dB over a frequency range of approxi mately
2to0 9.6 GHz. FIG 9 also shows that the neasured
noi se figure is higher &LAPMSoxi mately 3.6 to 4.8 dB
over the same frequency range. Therefore the average
noi se figure over a frequency range of approximtely 2
What 9 .chifssltist S approxi mately 4 dB. [0046] The
af orenenti oned description of the various enbodi nents
has been presented for purposes of illustration and
nded to be exhaustive or to
L ‘Aq8§%58?%glpﬁgg% a@%?#é%fprecise form di scl osed, and
obV|oust many nndlflcatlons and vari ations are
ible inli t he dlsclosed teachlng IS
a front enfl yolipafensingan W@t Rticehien sircpihaveig %‘énﬂéfaﬂﬂ Byl by
Ag&% S:
outputs, thgﬁo{ﬁj %\k/ivl@g e arrpg g@cgl rcul I%Yﬁvl C\é%?rﬁp?;m}llﬁéag odnt
1nMchaiagMﬂvbﬂth@eqmenS|ng and mat ching anplification circuit
havi ng an i nput and two outputs, the front end vol tage
sensing and matching anplification circuit providing a
a gain cirbBt kRV@h & DiRphts Adack Gt Béihg WspediveBy d(buﬁleﬂ ¢ mtlem»sh@ef the
two i nputs, each i nput bei ng respectively coupled to

two outpugs of thadtonbend viltagp eensing a@dtnpﬁj@lsng) smphacatiop sirceihdhe gain
circuit fu%(%rth%%% N0 %!uﬂa%%sagrg ¢ {i'% %rg i bQiHEl II’(IVII(S:C%E at't Q chccl)u;ﬁ]u 'oE])_t}beu t

€ gal crrc I'ng
gain circifif; gfidl bei ng provi ded at each out put of the gain
circuit; and a conbining circuit conbining the two

output signals of the gain circuit, t he conbi ni ng
N SREIIE ' ' {
a combmir}x chrg{éltk o epi)}lﬂ%o%lg?‘gg B{ﬁg{l agft hg P)@{nh,Qhe combining
circuit hapungperd snpits, eheh igpimbednignespdctlveﬂh eomiedaiomt m@stoonemf ithe two
outputs oﬁ%ﬁgg%rcu%%lqp t Ie%i)rrr]lgm?r?g gyctuﬁ%ﬂgér%\cl)m%h&%gaan%% put progldmg a

combined signal.

2. The low noise amplifier circuit of claim 1,
the gain circuit comprising a first gain enhancement circuit having an input coupled
to a first output of the front end voltage sensing and matching amplification circuit

and an output coupled to a first input of the combining circuit.

3. The low noise amplifier circuit of claim 2,
the gain circuit further comprising a second gain enhancement circuit having an
input coupled to a second output of the front end voltage sensing and matching
amplification circuit and an output coupled to a second input of the combining

circuit.
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10.

2. The I ow noise anplifier circuit of claim1l, the
gain circuit conprising a first gain enhancenent

wa@resid4havi ng an i nput coupled to a first ouP@IISGLNG/000294

the front end voltage sensing and matchi ng

aml i f1. ' ' ' n out put coupled to a first
Tl?eﬁﬂil{oé%wﬂiggwﬁé é]fg&%?lr%ui t. 3. The | ow noise
tha 8ol igein enhieiviendironitdieimgoupled tgtberfirsti gavuérthaheamanér
conprising a second gain enhancenent circuit having an
Cff¥gut coupl ed to a second output of the front end

vol tage sensing and matching anplification circuit and
an out put coupled to a second input of the conbining
Thé Josundisedamplifeer cyonihof damadkpl i fier circuit of claim 3,

t he secon ai n _enhancement cirecui.t '
A
cHiRbh Eh®ént GtdneH ahd plovedifd fWdtcorichgedti fectforg@irdpaths to the
enhancenent circuit and the second gai n enhancenent
cambioimgtciteadi ng a common current branch and provi ding
two concurrent feedforward paths to the conbining
circuit. 6. The low noise anplifier circuit of claim4
TRE low g&ib‘@atﬁ@l!iﬁbr@irb@iubfclgiu;ubes, ComtJ]ri ?I ng a virtual
ground circuit connected between the first n
i gaEme e ereqr cEmPTIS A d YT SEEBA GG FORGR CEmSRP the
I LG ' t i ¥ Bk side
e s A S it S
ag@do Dreéerafce potentisl ¢h the ofher §idet her conpri si ng an
alternating current coupling circuit having an input
coupled to the first output of the front end vol tage
THE Tk H&s@ﬂﬂﬂfﬁér‘%@cﬂﬂ oR AR bifd GraldiRe 2Gb 6¢ filrtheBdsinising
out put coupled to the input of the first %al n
ae ahematarsowret eapling cigouithryingan MePiswupleg o fiedirst output of

' ' f..claim.7 ] ienNQ: CUr '
o riieha Popasdr e SR R RA G B ArOlintP

coupled to the input of the first gain enhancement circuit.

The low noise amplifier circuit of claim 7,
the alternating current coupling circuit further comprising a capacitive element and

a resistive element.

The low noise amplifier circuit of any one of claims 3 to 8, further comprising
a current enhancement circuit connected between the first gain enhancement circuit
and the second gain enhancement circuit, the current enhancement circuit providing

additional current to the second gain enhancement circuit.
The low noise amplifier circuit of claim 9,

the current enhancement circuit further being connected to the virtual ground

circuit.
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a resistive element. 9. The | ow noise anplifier
circuit of any one of clains 3 to 8, further
W@ w0 Dy a current enhancenent circuit connBCT/8GE2006/000294
between the first gain enhancenent circuit and the
Q21 uit, the current
1. Tﬁ?%gﬂggnent C|rg3§§9§¢%$§ggﬁg addltlonal current to
tht erreteohahcgmient @rchicompesing eiresisiive elep@ent. The | ow noi se
anplifier circuit of claim9, the current enhancenent
circuit further being connected to the virtual ground
12. Tﬁé ro%dlse]énpﬂtb@ lrowt BOingRmRMEklalhes telT,cui t of cl ai m
0, the current enhancenent circuit conpr|3|n
thlee'mﬁal groand cirpiiheomrisingrh eanagifiva slesenk @éirﬁtftplémnélu 9f &yhigh

e B SB8Ehe h: Buhtoy LS e B0

eiRhfdniat cRéuinitdcdsdaend@raimahedwkidh being kendectesitto dai n
enhancenent circuit and the second gai n enhancenent
referenqginotentigl- a second terminal of which being connected
to the reference potential. 13. The | ow noi se
anplifier circuit of any one of clains 1 to 12, the
13.Thénmﬁn@mﬂwnpﬁﬁagﬂns@nﬁmngnmndch@MehanZAnplification

ﬂ%'rfép%g it QRGeS Br g appl st Yut chPrghEd”
bisbhdie sh ?l?ﬁ’értcu%lt GhPd ARt Wndidier theuivol t age
se Si ng anp fier circuit conprising an input and an

output, the output being coupled to an input of the
econd gain hancenent, cir 15. The | ow noi se
14. TB ‘Yfl?%algpﬁﬁ?fﬁmg]rt EF%}“}R g%“&o}g"m the vol t age
1568 bHa f& s ARTR IabripBifi e £ &iF bl SonGisfagi 4l ifigntand er dbipak the output
reS|s or and a source resjstor sensing the voltage
beipgicperied 9 ariappi e sroachgaiy GrhaRGENSERECHY anpl i fi er
circuit. 16. The low noise anplifier circuit of clains
2 and (13 to 15),
15. The low noise amplifier circuit of claim 13 or 14,

the voltage sensing amplifier circuit comprising a feedback resistor and a source
resistor sensing the voltage applied to the input of the voltage sensing amplifier

circuit.

16. The low noise amplifier circuit of claims 2 and (13 to 15),
the matching amplifier circuit comprising an input and an output being coupled to

the first gain enhancement circuit.
17. The low noise amplifier circuit of any one of claims 15 to 16,
the matching amplifier circuit comprising the feedback resistor, a resistive element

and a transistor providing the source resistor matching.

18. The low noise amplifier circuit of any one of claims 2 to 17,

the first gain enhancement circuit comprising a transistor and a resistive element.
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19.

20.

21.

22.

23.

24.

25.

26.

217.

the matching anplifier circuit conprising an input and
an output being coupled to the first gain enhancenent

W@R008M041948 17. The | ow noi se anplifier circuit PET/&6G3006/000294

one of clainms 15 to 16, the matching anplifier circuit
TR dofeehpliTRr tRaFPTHay0RS oS tlaims Rtd BB stive el enent
and a transistor prOV|d|ng the source resistor
theragcond gein enBancpment Grgui sPBRriging lajtransistog prd yrasistive glggnent.
one of clainms 2 to 17, the first gain enhancenent
circuit conprising a transistor and a resistive
Tied lewaidisekthplifiee ciraitt sfuny@®ndwptlafmel teig,cui t of any one
of clains 3 to 18, the second gain enhancerrent circuit
the gerpbming fircyitcPaREsiag o serially Ogled frEsterenent . 20.
The | ow noi se anplifier circuit of any one of clains 1
to 19, the conbining circuit conprising two serially
Thedopl miketangriies tivewdt of2thy ohhef tlaimndtes20, efmﬂihdrfcbmprising
ﬁﬁrCU|t of ggg one .of cIa|€E 3 to0,.20 fur
hAPRCHf peaking cupuibcnnested petyssk Fhﬁgﬁfé‘i %a&lh? aE%‘?i‘?Fé]ét ed
ciRtQItWRE el BEorld o34 eBhPerfEI@REGIENt Circuit and the
second gain en ancerrent circuit. 22. The | ow noi se
anplifier circuit of claim?2l1, the first capacitor

aki ng cCi rg I t a capacitive elenent and a
kagl ?V ﬁ%ﬁ’lrc ng%f&aﬁgz ow noi se anplifier circuit
thefirsd sza@ﬂ& Ptk RlgaindBit SomPriddg alcipdchiie et bad B eesitive

second capacitor peaking circuit connected between the
elgraeind gai n enhancenent circuit and a reference

potential. 24. The |ow noise anplifier circuit of

clai m 23, the second capacitor peaking circuit
Tl(ednwrﬂossi ersgndifiea paaiit o faayeine e oiaimnsl ta2 2, deitlsdricomprising

el e 25. The | ow noise anplifier CIrCUItOf ané/
a gihan ?apé?lgqrrpgalﬂns Girout CWP%%“?@W&%MBSSF?@ £a{henbgncement

mc‘cﬁﬁ%ﬁata%fe%@gb&gnﬁlr cuit connected between the
onbining circuit and a reference potential .

The low noise amplifier circuit of claim 23,
the second capacitor peaking circuit comprising a capacitive element and a resistive

element.

The low noise amplifier circuit of any one of claims 1 to 24, further comprising

a third capacitor peaking circuit connected between the combining circuit and a
reference potential.

The low noise amplifier circuit of claim 25,

the third capacitor peaking circuit comprising a capacitive element and a resistive

element.

A gain circuit in a low noise amplifier, the gain circuit comprising:
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26. The low noise anplifier circuit of claim25, the
third capacitor peaking circuit conprising a

w@eapaoiiuye el ement and a resistive el enent. 2FCT/AGYA6/N00294
circuit in alow noise anplifier, the gain circuit

cO ising.a.fi .0 t. £i ' '

o finst SRS R b i B B S RGBT o Aol S GNP BE

voltage SeMsnghdanstciiag amiplifcaiopl didchit ahd bavieg aicoitpuiand havi ng
an out put; a second gain enhancenent circuit coupled
to the first gain enhancenent circuit and having an

a seconhgg#ntenﬁ%%%ln%ﬂt &ifut éﬁﬁ@@@% f?lHtfffé’tt%aﬁlf erthRfcehleBPEiré@itthnd having
v age sensing an tching anplification circuit and

an inpubentipheg] tam secdndututpuaofthe fuint eudivoltage sebing anduhatching

' ..connected between the firsy gain enhancenent circuit

mnphﬁ%ﬁﬂmfﬁﬁugé@gﬁﬂ“@%@hmGHWﬁﬂ%inent circuit on one side
and a reference potential on the other side; the first
gai n enhancenent circuit and the second gain |

a virtuad greand eirevit cainegted bettvgen thy firstasimenhaneamenh eirgiibndthand

second %gl:}lnﬁgh%g:re]fglle g«ﬁ%ﬁﬁitoﬁ n%i%\/dlé%felfl Favl\‘@felce%@g %t‘é&% og?ﬁéjétﬂély@(ﬁé?

the first gain enhancement circuit and the second gain enhancement circuit having a
common current branch and being configured to provide two concurrent feedforward paths

to a combining circuit.
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