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A LONNO SE AMPLI FIER CIRCU T WTH NO SE CANCELLATI ON

AND | NCREASED GAIN FIELD OF THE I NVENTION 5 [0001]

The present invention relates to the field of |ow

noi se anplifiers (LNA), and in particular, to |ow

noise anplifier circuits with noise cancel]ation and
ALV EMLIFW &HT#HQT(PWE%ME%A[FG@@Q@ND

W deband and ultra-w ve received

ext ensi ve research mteres?s in recent years. A wde

range of nodem and future conmunication systens have

been proposed t 0 ndw dt h exceedi ng
several GHz, %ﬁ%@?gﬁﬁﬁl{%@g@ﬁﬁm i ncl ude
sof t war e- def i ned radi o, ultra-w deband (UAB), and so

on. 15 This poses a nore stringent requirenent on the
[000AR t rEregueientmyemmpaciatsty tHedield bElowf maoset aneplifiaeNA,NA), and

in PG lanD Lo 0P SE P it o e e e g hiteased gain

~ . [0003] Traditionally, these types of w deband

anplifiers were inplenmented with 20 bal anced or
di stri but ed BACKGROLINE OF WIE IRVENIAON nal |y used in
m crowave circuit design as described in publication
"A 0.5-14-CGHz 10.6-dB CMOS Cascode Distributed
[0ovp! | fWedeband-iand Rilfra-vEikicttind RROI SR aseiidll OfktdMsiile research
Circuits D gest of Technical Papers. However, |arge
intgrests IBTeeRphYEDR Anidnragige pbwmader sl fuure sAMpIunication systems

BRI ARBLAL 5 88 ! BGSBBAPLE Bt ccampe

 ofithfseasyRiotatinclnde obfrMB defidcdvedio, notrawlideband (USNEY ahy so on.

negative feedback or nulti-sectjon LC network.
Tl}yf.3 BAYAIA Borg SEnesnd Fe%léf&meﬁbmﬂ g&]m ArangceIysf ¢ %sﬁemally for the

ﬁ’(ﬁﬁ!%ﬁa ?ﬁh}g,%hl)@ﬂ Wi gHJV 1B N e bRRWRME with hEasBitiHi & noise

passi ve devi ces use or matchi Nng purpose I ncrease

fighes aghingedpleexmatyhiagd area occupation. 30 [ 0004]
Conmparing with narrowband LNA designs, severe

tradeoffs bet ween noi se figure and source inpedance

chimgaieshaly, ifeswit@eRantwldBandVRapli@rs HRRS mhﬁﬁmeh%é@ with
L desi gns are focusSed on bandw dth enhancenent .
batanged pr dissubuigd pighitgctures that were originally used in mlcrowave 01rcu1t

design as described in publication “A 0.5-14-GHz 10.6-dB CMOS Cascode
Distributed Ampﬁﬁer”, 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 infeasiblé 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 deéigns are focused on bandwidth enhancement. As a result, few of them
achieve comparable noise performance. A CMOS UWB LNA emp]pying noise-
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achi eve conparabl e noi se performance. A CMOS UVNB LNA
enpl oyi ng noi se- 1 canceling technique is reported in -
publication "A broadband noi se-canceling CMOS LNA for
-3.1-10. 6-GH#z UWB receiver”, Liao C.H et al, I|EEE 2005
Custom I ntegrated G rcubis Conf er ence wher.e i ndugct
cag gl ings cehiTUsHS TEPPEAK PRy DL ERt O ofhiboaband aeiee- ts@cehng CMos
t t f [
e A BRIy b & e IRRERR Tl Integated
Cimmh‘s&mﬁtrcma whert enduriige series and pbntteubakingpedhniqas bmenused to

e B V5, o LSS A oL BBl
ex:gﬁﬁtl‘ﬁ'lg] fHéeRal ndike %c’eﬁ'ﬂ%’s @hBigld € %ﬂof’ted e |pub§<9atloﬁb \@lde—band

ebruary 2004, where herma noi se of input matching
CMQh slost-dtoissa rtbpliBern Sagtl it cHrecmhle Ndige t Ganceling”, Federico

o BSOS SIS ARG TR BHCLAR S PPt 20

wl'f&?lé\@l’{e@ﬁqal héiSe @fi'uﬁ)up Q{aft&ﬁr[?ﬂ%ﬂ@ér SHCHE @enSQNitOERLIE by the
is often | ess superior 0005] There is |l ess freedom

feedfowﬂ rc@mﬁgqﬁ@thnﬁ eTlga mﬁolé%thfemomﬁ@lemsiﬁbmmmglob@l\mgatwe

rgrl'glésr IOI-rrI]%\% er,Sﬁjéeggﬁ @5‘%@1%%%:%1/\3% rSlé ﬁogx%%l}:ﬁtliog 18" often less

supmrl abl e, the gain issue becones rmre severe when it
I's applied to CMOS devices. Therefore, an objective of
the present invention is to provide an alternative
n t I
100 colEle BT fobull’ allONR8 HEREE S PLERMATY cMos LB
LN adnger aﬂnhvmés,tdspecaﬁjlyvm -the @Horede. AT @npaitigsto (ﬁlGB rBlOiMOS

art evi ces. 20 SUMVARY OF THE | NVENTI ON 06]
whiiehi dmtatlgble; e spimjasye perpmes mmsmréaf |1§ fpRljed to
CRIOSE HidicdsS THRPY A GE dbﬁ&'ﬂUg'o@ %hé dreept nﬁf@ﬁindﬁ) lls.I ?cg rovide an
sensing and matching anplification circuit I ng

algmaling o w amdset wophlerpwith, nouseecetnucdmtmarnmdvmamgtei gam thereby
sensi n tchi,ng anplifi.cation cir.cu
d} e R AR of FellSesiORin ds Mok B rfeliBied BhBIUE R Bur an
def@ek.i fier circuit further includes a gain circuit
having two inputs, each input being respectively
coupled to at | east one of the two outputs of the

front end vol I}AVARY OF THE INVENTION

[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 thé 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
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and matching anplification circuit, the gain circuit

further having two outputs, an 30 output signal being

provi ded at each output of the gain circuit. The | ow

noi se anplifier circuit further includes a conbining

Ci#FUit ﬁonbinigg the two output signals, of the_ gain |
cogpled riat leask oroADI W evtpetsial tha@riRgLios: Fh?p‘??ﬁ%b,lmééﬂf cunt

fu'thﬁalﬂlclgﬁfn g:nroﬁgﬁg?foitvﬁcgﬁ%a OmbRLRLgHat 0 at | east one of

e two odt put aln circuit, the combining
circuit further including an output providing a

ined signal. [0007] IL.n one epbodi nent .of e .
0f @ ent e SRR B e i i deim Gy e fst gain
erBBNRREANBIRuIChdvertd 4n HBM &erpﬁéa o Pt S@PR St Goft Edd Witage

output of the front end voltage sensing and matching
seastpg and matdhing aniplficationeigeuairand anmuput sogpleditar ofisst inpusef the

co Bt s ST S dB B tpent cirut
haRrdg B9 iffut | ddEplled G0 UP kednll ot esromed et Rtd fltalcb Sensing and

front end voltage sensing and matching anplification
mgfchiagi amplifératian otitcpiit anto @p| @dPeto ceupdet e isegud  Biput j9é the

10 .conbi nin lrculy. The.secon L0, enhan n .
cobfty HEPPLROT R g B rapy Stk FTRARGE B e it gain

crbbfictticht chit@itf iThet figai BaifnbaneedTRdlt Cirdiituiahd am@d bddnd gain
second galn_ enhancenent circuit have a conmopn current
enBARGSEIENR G CWE SAVel e EQBMOBNnewFans hrancheayt gratdel thatqeacurrent

kN bt GUI 1 [ 0008] In another
&éﬁgﬁﬂﬁﬁé%gpg¥&?%8ﬁ¢ﬁ§@%%Fg#? the gain circuit further
includes a virtual ground circuit connected between
he first gain enhancengnt circuit_and.the  _second.
[Oé;%?n SR HEWS?@WE‘E P s oggoR e iy arther includes a
viFtR{1SEEMEE RO BinBbte® betvien thB §irst Sl 8nhahllEmERS é}{cﬁﬁ%d the

potential may be a ground connection. The virtua
segorslugadn enlrapgermenticirehit de ona stlrpadito avefcaingepntential dni the other

termnal of whjch .being connected tqg.the,first. 20 in .

side T8k detrestee BPIeBSah e ARBoGHL SitatJigkh Toh isftal Ay ciuit

in€lul&h tapeiived Saneida frarteimiahl of wiMthaleiletdithected to the first
connected to the reference potential. [0009] In a

gainy ephancedaio B i endthe Kecondvgain ieshancement gifryibpaseé a second
teﬁﬁmﬂ]’ e vicd Bléi{l#?&ﬁle!:ﬂg& 't&%%%ﬁﬂen?é {8&% 1! hg current
coup oup

I'ng CifcC avi-ng an I npu ed to the first
[0@D9] putInaf further Embodinemd of dhe myentse) she ihvandiseaighifiey further
camplification circuit and an 25 output coupled to the
inclydes am pltgrpaling usgeng gpwq%%wmm&m Aapug .00#?4@3 to the first

ot &S @E A%ht 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,rthe low noisc 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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current coupling circuit further includes a capacitive
el ement and a resistive elenent. [0010] In another
enbodi mrent of the invention, the | ow noise anplifier
further includes a current enhancenent circuit
connected between the first gain enhancenent 30
circuit and the second gain enhancenent circuit, the

[0614]" €Ny RRARPCRWBAimnt bE Hiet invcﬁ{tf?ﬁﬂ tHeNgorRddi %ﬁﬁ’fé_rﬁgsing and

current to the second gai n enhancenent circuit
meighing nampléfidatine exiesnit iochuded & Valtaghesensieg rgnpdienedtced and a
to, the vi..tual round circuit. The current
]n@ﬁwgﬁégﬁéﬁﬁrﬁT?l it includes a resistive element. 3
[0011] In another enbodi ment of the invention, the
front end voltage sensing and matching anplification
[0812] cuiln amherdembediment; afjdhe dmeintign.athsl Véliage sehsiogiamplifier

.and .a tching anplifier circuit. .5 [001 I.n _anot her
bR R S0, B i kBt BHlpy b Bl of 4 b1 the
seddfil ighineénhafideitant teirc i€ VR SoRdbe Sudbing dtaplaier WicBitincludes a

t he out put being coupled to an input of the second

fegdhagk spsidoTcEEh SOVES Tegistor sapng, Bietvalfags apdieddo the input of the
vo:ﬂgé ianisﬁlr agﬂ rh‘ﬁlé.}&rci,d?t‘:l udes a feedback resistor and a
SOfF ca T e o )

or sensing the voltage applied to the
i nput of the 10 voltage sensing anplifier circuit.
0013]. I n anot her enbodi nent of the jnvention, the

[083] ¢ hi Tnganatsri enkadippentcef the inyeptireshamateljng ampifign cirouit
bR BB BUELR bRk b st Pk SHRCRGERI, g
Theomaliohing angpdifist cirquitancledesshe feedbdcdmesittogndesstivezlement and a

transi stor. providing the source resistor matching.
S RA P ORI O T UPHBAETEE: ( he i nvent fon, t he
first gain enhancenent circuit includes a transistor

and a resistive el enent. The second gai n enhancement
[0@14] cui In anbthet anbsdiment ahthiesnvmtiandths firsisgain entencement circuit

. el ement,. 20 [0015] In..anot her odi ment of the ..
infR G igndtoh and oG St TN FeP rh €t G ARcement circui
in6ladésd transiespha d rksianeictdn®ng. [ 0016] 1 n anot her

enbodi nent of the invention, the | ow noise anplifier
further

[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 cdpacitor 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 elemenit.
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25 includes a first capacitor peaking circuit

connected between the first gai'n enhancenent circuit

and the second gain enhancenent circuit. The first

capacitor peaking circuit includes a capacitive

el ement and a resistive elenent. [0017] In another

enbodi nent of the invention, the | ow noise anplifier
[0814]t hem ardfher NehdidERER &eﬁeﬁﬁv&ﬁﬁﬁctﬂeofovpﬁ&& Réhplifier further

CIrCUIt connect ed between the second gain enhancement
1nghudm tlurdrtap@moep@tkmcpdtcenmecedd beTmeenrthé emmbmmg circuit and

a ety aiia Sttty e D ol g Dot Gapt Forygton. The third

cagh@ﬂse pbakiddelréhitifsl:8ds a/@ gLigveabmett dndQLBlistive AaRdder
enbodi nent of the |nvent|on the | ow noise anplifier

further includes a third capaC|tor peaklng circuit

ed bet h circuit.and, a . v
(OFR 0 e 3 alE ler OF 1 OMDRRARTn Saln it I 1off moisp pmplificr
is @FSME. Ta8ReIAtdiRGit iddtedds i firdt gdin eatRAGEh&(t cReak hReing an input
circuit includes a capacitive elenment and a resistive

00@p1@ﬁetﬁta ﬁ{S@@]}@]ut ph ackientegid odiligen sensing #ul matehing eaplification
nal%i rh%w % t#l | éﬁn Efpcl, tf 'ﬁ.‘ﬁjfherl 1§1 RaeY | d??cond gain

gal n cifPcuit clu frrst gain enfiancenen
erlhaﬂicfemdlt tigotitn@upledito phe ﬁrsc gam Ieﬁl@brfcanantfdmait addhpeihg @f input

a front end volta&1 sensj ng._and natchi ng anplification
coypled; f i tseepnd REYA gefathe J?rfgmt endl’h‘@“@&‘? rseafipg yad matching
: [
el Gep PG AR R 5Tl The SO BRRRIT LM o viral
groand tigerainconmpeted betugeh able lﬁost%aseexdmdcmnmm wircoit ahthehe second
front end voltage sensjn tchln . .ficatio
] PUESen CHEGT A Odn BRI TR A0 RmER G e sy The
refe&lcd YR%enfal Ifal URl a gff@H NYnkddiieH] The BRA %hﬁ &ﬂﬁﬁ&éﬁﬁ&fﬂ circuit
the first gain enhancenent circuit and the second
angdhesesnhd geia vehanceinenfditcut haph e cemuwnangenat hr@mcélrae]dcaee being
tenti al ony t her eferenc ot ent i .al
oo Sors e B BhotEteet R Srortmeb S Sy PP SR E
circuit and the second gain enhancenent circuit have

[062030NTRE EMIWERAE AMLRRCNIRREe A AioRE! d%gmﬁl?a&?ﬁfdnﬂiéﬂﬁﬂerﬁ@ of the
provi de two_concurrent feedforward s toa

- pressubinvertpne Howgier, itzboyld e @ptedﬁbatﬂhﬁ Preseng EvERGRrT sgot limited

—

h
o SRR oAby B GONR  FORREIITNB R cat e

the present invention is not Iimted to the exenplary

enbodi nents illustrated in the follown flgures
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;

t0023] Figure 3 shows a graph of simulated performance of scattering parameters

{S11, 821) versus frequency (F) and noise figure (NF) versus frequency (F) based on
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BRI EF DESCRI PTI ON OF THE DRAW NGS 25 [0021] Figure 1

shows a bl ock | evel representation of the architecture

of the low noise anplifier circuit according to an

enbodinent of the present i nvention; [0022] Figure 2

cirgc | evel esentation of th
}t?%‘ielﬂfég%ﬁo“t RYsY 6‘%}’ %S?fg@%%ﬂﬁ‘ﬂ grhodient o the present

1na5ﬁ@ﬁd|ng to an enbodi nent of the present invention;

[0023] Figure 3 shows a graph of sinulated perfornance

of scattering paraneters (S 11, S2 1) versus

O 5B B AL A el S RSB e

ciegpl i fier according to an enbodi ment of the present
i nvention; [0024] Figure 4 shows a schematic of a
capaci tive-peaki ng common-source 5 circuit; [0025]

A

noﬁ)s%ﬂﬁiﬁpliﬂel/ eireawith ga {@rﬂmrpeamg @BmeidnCddiutceageon dba@dihe to an
enbodi nent of  t resent invention; 10 [0026]

enmogun@teﬁﬁ@rmwn@ngeﬁm of sinul at ed perf or mance, of
vol tage gain (Av) versus frequency (F) of a
conmon-source circuit wth capacitive-peaki ng based on
[0628] culEigert gAisho@s aograpingf siomAted porcfdinmamat o(ﬁfvoithl@ gam (AV)
present inv ntlon and Figure 6B . shows a %ra ph of
VeEUITeaR ey A r BPIEBIOBSOYSE (ARt Gitth CpRGIVeeakiag based on

cafcﬁlﬁ% b a&@rdﬁi t Fénaenﬁﬁm%atzog gﬁ& ﬁregér[t E‘HT&HU% taHd q?ri‘gure 6B

capacl trve-peaki ng act clrcult

showp Ia@mqﬂnt d’(mmnlatedqmrﬁinnglcbmfarnlt%mmm (1237 Vanéustﬂ'ﬁe[uency (F) of
esent nventl.on, re.
o GioGR OO PP Bt 21 Anthosh BREcios s bR S Dasig oo gogpal circut

implinfern@foaradtddin g% ah cRBBAH AEH the hres R VRS
invention; 20 [0028] Figure 8 shows a graph of

si mul at ed" and neasured performance of pomer gain

[O(faZ? 1) cPaﬁ re, g Ql%lowsr %gi’] [ nlclrtgﬁ% tc?&apjf) of'§ E‘a%%%atecri T RREY amplifier

an e
chip accordlng to an embodiment of the present invention;

[0028]  Figure 8 shows a graph of simulated and measured performance of power
gain (S2;) and input return loss (S11) 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.
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the present invention; 25 [0029] Figure 9 shows a
graph of sinul ated and neasured performance of noise
figure versus frequency according to an enbodi ment of
the present invention; DETAILED DESCRI PTION OF THE

06y LS SRR R BB B . o

ndi® Amphferd@fcit ARdrdifk detaal tdbREmheNy ¥F kit E&Eoﬁ{t qm&lﬁbﬁ The
t he acconpanying figures. In addition, e exenp

arglntsstirerehths lgwseaisdhadpliesraampaisehel ﬂmcfpl‘lwmgu ﬁmctlonal glocks,

i ARG B IRk O IR R G BERTAE AL h Fremating

cuir@Bf @SCNERbiNg c@uit 1@, arfirkl dH¢C trtiadcdherit REChiO W06, WeBEd gain
anplifier circuit accordlng to an enbodi nent of the

enpprcsarent Pingeh108& g virthel gravedrirast L aofurient enfppceméns eircuit

[ f I ct

BBl LLSRSRIRUISRS! 5 A0k SR LS} R gt o o

inp@tl bRgee 9e6inplengnCing Cathplifidd 2circaft 802 andain figub of uhé eMdiching
(AC coupling circuit 104, a first gain, enhancenent

angply iCtrC%BO TeSRESHBRY- Thg Yrltags ﬁ@wwlﬂiﬁr ceegit 19pspnses the

s1%ilai %H@hogé %gﬂ%g aChodl b e]ﬂ]?ut Sufld iﬁf.‘?%f%ﬂ%ﬁ%?eé%@?&igraénrﬁhﬁer

rcult a CO ng circult

-ci@niti M2utorsprises e 14 ourse dedistore (R} 4mal arfeedbaphtresidtort tRef) The

ta nsi.n I|f|er circuit 102 and an input _of
m%tﬁ}é‘nﬁ%ﬂ?ii 1ﬁ’g°1f°g‘htpﬁ%f1?r@1“ &3 melsning e ghg %&‘E%WR?QWG (Rp)eof the
inp@! sfoﬁﬂ:% AgNTHhE ﬁlm% gﬂggﬁﬁ& 51Fdﬁittlobof%nﬁﬁ'&§§§f5t}§sls]t9r %{1) a

I gnal and noi se vol s across the | t source
feadvack otsistare(Rfemsd agraasiptor (Md). Thei mamhm,g]am)l@npmweaoo and

ource re or d.a feedback
tn ot d S M, ERRRET ahvint 02 rofins & 1006 ot UGk Gagnsing and
m#¥ekiaRi aplifRatiie cHevit cg 8i wa@aﬂ%@ax(eﬁiﬂ) néike tsa@sn%g AR tmatching
source 116. The matchi ng_ anpl i circuit

angdifseliee aregierfprined; jins & sngleRpiycuitshavingeaib it w@cér‘m gntputs. The

’ oug t sﬁ)tgfj’irg%lt ‘glﬁg’ﬁélgﬁlﬁ% aﬁnyl ﬁer I:?&m“?ﬁtf E' iy f ' el{'lpllt of the

t'age sensing anp

AC cha‘plidg clfedit 1104 MEheaA € rceﬁph@mircummd@&m@ﬁmmf g rémsiwe clement
mat chi ng arrpl ificatign circuit 118 where signal

(Refoasha SERRSIIFYG SAFTBENTAELhi TG OVsRYS Fignplcaiihe A apeupling 2 rcuit 104
s REHOGEERE P LT (4 ik iR AP 106 208k 49 gan

out put's. out put sign omthe matc
enhaguleitfeieciranitri®bicombifesi of actedustueﬂé’d and aaransmqou {M3dj. Theeutput

35 SR LB LSl 4095 TNE A0 FRUR! hOReE 6% i of e

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 exira’' current to the second gain

enhancement circuit 108 and comprises a resistor (R8). The output signal from the

7
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20 (R7) and a capacitive element (C). The out put
signal of the AC coupling circuit 104 is delivered to
an input of the first gain enhancenent circuit 106.
The first gain enhancenment circuit 106 conprises of a

5 G ChhEHE onE e LOG o nifeaMipl B FPEL e seponseain
erfifhdeMRNEdiréi Rt 308 AP BmBihed B the @&ﬁﬁi@lr%aﬁfbuﬁni‘ﬁf‘ﬁﬁgﬁﬁhce an

circuit 108. The second gai n .enhancenent circuit
outpnt2sigadudled The finss galnstenlgaemcmnerrth aimodheldd, cthe csdcond  gain

06 and. co s aof .a re tor transi st or
enfiy o SR0RS (D8 od) 06 T elirpttendr T1p S iy Srouie
poRRRAGd bbtwdeh the Bohi eHd €6t v ke nfatdhsde SBpMAcation circuit

enhancenent circuit 106 and the second gain

118n#ngh henegmbisingcairauit1blg tooproyideagdin gnhanpesgni thdigelost noise

ol PSR SAC Bl SO echbes sy o
s@ialmmbh &ﬂezsuﬁébqlusmgmmmgmda@ the lco@dhihdeirduitri9y. gai n

enhancenent circuit 106 and the second gain
enhancenent circuit 108 and is in connection with the

[0(Y3 t ulalli‘I(% 1@ %sc iy ﬁ'bll.lll{ 1 r I&%nt [ﬂ% %ﬁ%?%g%gltﬂﬁe low

provi des" ex urren e secon
omrmmﬁ'rm ﬁircmt ﬁc&bf&ng.ﬁﬁamﬂbmﬂﬁﬁﬂiﬂ cfetlse preEcs mteﬁﬁor( R%k.front
The_output, signal fromthe. 7 first, gain,enhancepent

end;volags sengine 2R¢) nﬁﬁ%ﬂ%flanleﬁ%afﬂ@ﬁ SIroyif BRNRIRES S68 JRHagEaICAsIng
o SIIRR R LAt MR S U TRE e P
cofnprses gdhe sanbaresisioe (R s)aif mmnpuﬂﬂaﬁrcetahé tlzefoedivick msrstor (Rt)

riehhance nt. circuit 108 and the vir d.cir
1 R e esis g R boretiel a6t ad ey f e sburce
re§1§t@f1 (Rs? RAd ¥ QkdoRAd 8 8HSH EDtcARE niRedhedY 48p18MeR loirbhi€ AtHeQRatching
ci rcui 118 and the combining circuit 114 to provide
amydifier eivpiih cemnpriges tagresipier (B, Hisi fedb @hﬁﬁﬂlﬁt@@@fo& and aitransistor
(I\/H;eTgea rans sttt\)rggwlll) g\’tcl: W@é CE)]i‘n n:/\ek'n?p a S%UI%n ?e u?aq a %%tf terminal

nera srgna h "are subsequ

an@@l’dimﬁi&énhﬁalt The m tetfigaCof the iransidids (MO) ik Q@@lﬂkd o nground
2 shows a circuit |eyvel representation of t

cogpedhiopethe gate rmingbof B trangistos (Mhpis ﬁ%’-}ledctw@suﬁrst end of the
fe@cﬁa@@l{ PPyt f)’%c?p%éo&hﬁ%ﬁnﬁﬁl 61*‘1%8 %ng?lgﬁ% Qg/ﬂ)(?é“&du%ﬁbd to the

ront age sensi ng an
seeamﬂl érkli fahe fﬂ&dbﬂck(remitox:m rthe; esisafr (Rl)/mtd agACscmuglimg circuit.

I|f| circujt ircuit
Sistgr (I petitises BV s B N <o oupied g e o inginal of the
trén@r‘éto? Q19 S tHeSR 8P (Enc( BE khe tecibikl RBidtor TRYY &R ﬁ{édACh&)uphng

f eedback 't esi st or
circuit and a second end is coupled to a power supply. The AC couphng circuit

comprises a capacitor (C1) and a resistor (R7). The capacitor (Cl) 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



10

15

20

25

30

15 The feedback resistor (Rf) conprises two ends, a

first end coupled to the source resistor (Rs) and a
second end coupled to the matching anplifier circuit.
The matching anplifier ci rcui t conprises a resistor

bt okife ESRRaToleh By ea G nfen ey prbogpnt irut, o
virtl #@u{f(ﬁ&f@h ednd Aodflng eﬁlﬂn@fuﬁ@#t CLI%BQ Re %5&' t@rmm?l I\hs)coupled

ter e source term na e transistor
toi the senopil edd to6 tlee grpacitet (20) eod tectiiso and bﬁehegassietor (R7) and the

g P GBI By PO BIBISCAR? LA SHTTRRR SHFRIC S Te SR
conPriEbddlo @fdstmrst e&m&u‘gléarmmé arainsteﬁﬂﬂﬁ’l' §t9hd Rardsiior (M3) and

second end of the feedback resistor (Rf), the resistor

the Rhinbiming eircuri@nd augskonvgend goupled to thheowas sinsplpr THeRicpond gain

S S PG . B s SRRV BnCHE e s
erhBecchraf bRl (@S biedval byRhe ¢ baseAC thasiBlok T M335<1nd| resistor -

circuit and a second end is coupled to a power Supply.

(RPhe Thesewnd igringenbppastient cwmqmg"e&a trapigpr GM2) apid)a resistor
R7
(T bl bz 4 a8 sPRRRSR e Spik s TR O By i

ankdes idsdie terfrfthdl, ThB&o6iR6 abithiffdofOfhet l’i’eﬁms&ﬁ%ﬂimcis coupled to the
resistor (Rf) and the drain term nal of the tranS| st or
grownd conpgctions thegate tempinalsis ceunled @dthe dirst gad pedicdeqdpack resistor

7). ' ' ' . :
) FF e il OF of 8 ShiBhuok () SR 55 (ol B boufted 1o
the agsdatort (R2) (afh Ytha n@kn‘aming" @tcugia iThe eedimm:(ekm Rbmprisesuivto ends, a
and a se

d t The first
g oA A ATy el of Comsireier QIDRat spd Ssmbipipgycireut
an@Nf s&0h8 $hd L QpleB3d - thd Hestt éafi‘rﬁ‘%hﬁa{rféﬁm@ﬁ@alrduﬁ ﬂleNM%ald ground

conpri sing of a source termnal, a gate term nal
cingntj andt the reiurrant. enfiapcenuant cicuig Ther mrtmal gofund huercuit comprises a

traS|stor MB). i s ed to a sec ai .
e, AR T TR Fed S e bntp B ichih figayengy. The
caﬁ&lﬁfo@ ((CZ)&M’@?E@S’WH etk f £&ist end BRpRAle tﬁee.sfe%ﬂﬂaéndl o?fthe resmtor
coupled to the second end of the capacitor (Q)

(RZhesourqesternaifal of thereansistor {Msp a@ﬁm fieghgnd & a 1gpiglion (R8) and a
l; h

LBCLAT s SuBRULF ek o305 Od Bt Wicomeny i

oﬁqﬂﬁes af the mﬁstmmq Orhs @doﬂcbeﬂdhﬁ tHe edsivtdrdRI} rsadonﬁéctéd"r@ the

tranS|stor (M3) and the conbining circuit ? nd a
POSEE GHRP ¥n e GUBP e 67 e PoRIEY SR proysistpRe(fSectizy Both the

trdh@istd A MBS ﬁlg,@d SobRie 1S EREY 1and :

rcursré%@q?%%gfgganch V\c/i%t ff%r gt galn d%énceenr%lma amca
draiinrtclunilinal(aspeshmw Ble ‘sdsmfcatarmmab ef weetrarsishiors(M4)ois cohBled to
’ch-g1 nggo ! %Sconnectmn, the gate terminal is coupled to the dram 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



10

15

20

25

30

(R2)). The second gai n enhancenent circuit conprises a
transistor (M) and a resistor 10 (R2). The transi stor
(M2) is a NMOS conprising of a source termnal, a gate
termnal and a drain termnal. The source term' nal of

the trapsistor (M2) is coupled to the gro
copgFat t fegdforyad prthse fom rihe dfront sendo ypltags ﬁ‘alsmge agq nagtching

C t
onffiffclion BEpliE R RRConEND Hopie (B MnAE LY e B84 arrowsy, The
gaiirsratio wbltledtwoofeed fopward pais can b&Rgptamdhdnged dfdhbpaamgters of the
circuit. The resistor npri.ses, t ends, 15
firg§ galp e’é@?&?"%ﬁ‘ﬁ chguit GO‘PIEP‘éSIBg 8? HaRsston %Bﬁ) 6?515F?’Te(R%) and second
( C
B e e O I MitordlI) fare given the
samer\calhles in ttlhfeahsremeuafl regfstot (RIS). dior\msrmt, tlan gam rmha;ny:amemtt circuits
ircuit r.ound circui
oo Eltinat nifeat el Snerelohe Baip@life Bincedsfhithes for both the
firSt @ath eI it Sandt thel &lodd %ﬁh&e&%nc%&lt circuit may not
capacitor (C2) conprises two ends, a first end coupled
alwayst breths @pt elmlceolfn teres @%@\resalbnmmpf(rﬁz)nang@ Uiheenalysis can

oo BoPoiBlot e oot 30 o3 B b8 B AR B et B o

inCPIGESt ¢@Nbe EROWS Uor &ihliev%n!ﬂ e BiEhodhért Ufabtor GINBMISE Svhen
of the resistor (R8). The second end of the resistor

copmRayed; avitho the archiestarer Mathowo e 8t sirguit BS eshosbil |nimmg>r art
t“ 0
P FIGEHRL - GAEPELGEENIULEATSLE! LS ARy oMb Nois
Catneellmg’faFed@lcgaBracctcﬁdsmbnail IR Jaurﬂa off $olid-$atenCiralits, Vol. 39,
es %ctlvel " The source termnal of the transistor
Mé) %‘}ed to the ground connection, the gate
tern1na| is coupled to the drain term nal of the
transi stor (M2) and the first end of the resistor (R2)
Tlerrahatykis idlasfioHower m nal is coupled to source of the
transistor (Mb), giving rise to the output signal. The
gate termnal of the transistor (Ms) is coupled to
THJ‘@]I@Aag%fftﬁéﬂ coﬁﬁnérﬁ@otﬁ’é@ﬁﬁ%épéorﬁMgMuﬁ ®14 and M5)
first ™30 end of the resistor and the drain
witteoupitadcidescaficdliatiedlist o t he power suppl y. [0033] In
FIG 2, the gain circuit conprising of the first gain
enhancenent circuit, the second gain enhancenent
circuit and the V|rtua und circpjt provides two 9
concurrent feedforvv&?d ﬁ% fromtﬁfe) front end
vol tage sensing and nat Chl ng anplification circuit to
the conbining circuit (as shown by the dotted arrows).
Thith eclatgraishipr ketsi teen fstatére it woof ews ¢fubhioatiod ‘Pilidesband CMOS Low-

N01seg chc% epqoiltil;lgt %erRal m?stee&gnc%iiné’t,‘eFederico 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, ~AKT-(NEF-g, 3t 1/Ry )R> Af )
10
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first gain enhancenent circuit conprising of
transistor (M), resistor (R2) and second 5 gain
enhancenent circuit conprising of transistor (M),
resistor (R3) are given the sane values in the
absence of resistor (R8). However, the gain
¥ancenment circuits contribute additional noise as

Si f h B
NYEL brosHUBEREAIPEY 100 S (20T BRLATRFLRALI A5 o
(S BRCEHE MoShEFY Eﬂ@léueﬁifaﬁoové‘ﬁ)ways be the opti nal

chorce in-terns of overa noi se performance. The

Afipdeysl@mlLion bagdwidishown bel ow. In addition, the |ow
noi se anplifier circuit wwth gain circuit as shown in
FIG 2 can be shown to achieve a gai n- enhancenent

factar nB e ared with the architecture ... .
Pl P gnear Hie: Pufiiae ek here fipSt B piF biidfiann i
ubl i i;on "W de-band CMOS Low Noi se Amplifier
al c|:cﬂnc%]i ?%erdrg Thermal Noi se Canceling", Federico
Bruccol eri et.al, |EEE Journal of Solid-State
Circuits, Vol. 39, 15 No.2, February 2004. The
Thusapqpatien (4 cag be smMmifisd aThe gain Av 2 of the output
conmon-source stage or conbining circuit (Mé and Mb)

20 with output ngjse,ca | latjon is 1+RIRs (1)
This rel ati onshi%nk?aégg‘g@ﬁ]%ﬁ ed in g:f’?or art
publication "Wde-band CMOS Low 25 Noise Anplifier

= i1] | j ina" .. Eeder.i o
sirgBE af AR L1 16E e DRIaBE O Eicbl ot RARLERRY circuit (442 and
R2Ccarche dxpressal as 39, No. 2, February 2004 and serves as a

reference for conparison for the enhanced gain of the

| ow noi se anpl i fizer circuit as , shown in FIG 2. 30 At

node C of FIG 7, yeIdtiEg,¥d“t age dué)to the first

gai n enhancenent circuit (M3 and R3) can be expressed

as V2 4kT(NEFgnB8+ 1/ R3 )R32.4f (2) 10 Where Noise
The fwesoliea¥eirecs REFPreoririaied| Hhay ¢43dBOt Be Creeladabinsnbsequent
compigicdignge when VD O (for subm cron MOSFETs, NEF is

wel | "above 1)

Refer to the output node Vout, the noise due to first gain-enhancement circuit and
second gain enhancement circuit is

V2, ou KT NEF-(g,,R? 8,478 ,5° +8maR32). (5)

nout

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 (M3 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

Rs'ngRZ' gm4/ Ems — (Rf+Rs)'gm3R3' (6)

11
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4f is the calculation bandwidth. 5 Practically,
NEFgn8>>1/R3. In addition, the case where noise per
unit bandwidth is also considered. Thus, equation (2)
can be sinplified as 10 V2 n4kTNEFgn8R32 ( 3)
Iarly, &%Eode D, the noise voltage due to second
SHMAIREMRRECMSScui t (M2 and R2) can be expressed
as V2 nd=4kTNEF9nM2R22 (4) The two noi se voltages are

uncorrel pf ed._ (%@éR%apgggéﬂ@%%%ﬁ gqy d y subseguent

15 conblnﬁﬁﬁ50| e t node Vout,
the noise due to first gain- enhancenent circuit and

-p enhancenment circuit is V2n, out

W@ﬁ%éﬂ@%%zz gmi21gnB2 +gmBR32). (5) Equation (5)

shows that the noise contribution of the second gain
Franhequadioen(7)cithe wioise 26ntfidbRti@nbfRgjinieahamement circuit can be

SJgnﬂflcant than that of the first gain enhancenent
miginiiged yh ?NB and R3). The out put noise of matching

devi ce can be cancel ed by properly designing of the

gain in the two fe dfo% g ths. In G 2, the

| ST Qi

cancellatlon cofatmdn en by 25 R$' gneR2 gmd/ gnb
(R +Rs)gnBR3 (6) 11 Therefore, equation (5) becones

Amﬁzﬂeﬁﬁﬁ' 'T§%§¥¥%§%JVOt%% s/ RS )2/ gnR + 11gn8 Il (7)

where a=4 romequation (7), the noise
contribution of gain-enhancenment circuit can be 5

m ni m zed when gﬁgégﬂﬁa§$gﬁ¥¥Rs )2 (8)(9)

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

gm5/gm4 = Rz/R3 (1+ R/RS ). (10)
Consider the overall small-signal gain, we have

Ay = A, 18m3Re18y0 Ry 8a/8s
= (A4, 171+ RJR )g,3Rs (11)

where Ay,l is the gain of input matching amplifier circuit,

A= (gmlRf-l)RllRf+R1 . (12)

The result is a gain-enhancement factor g, 3R 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 (4, 1+1+R/Rs)'
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And the m ni num out put noi se voltage is V2n, out
2'0""9nBR32 (9) Note that equations (7) to (9) are

obt ai ned under the noise cancellation condition for

10 the input matchi ng anplifier circuit. From equation

OB R Mt S SRS 65k Sy SR e

(S‘?Y %ﬁg veﬁﬁ?bﬁl naﬁén%) 3@4%@1 ﬁblsé’\ﬁglﬂ?XﬁFfVersus freguen%&?)’ F) based on

th@ ]a.tldnte@ﬁ:t@r@f the lowi mlsdﬁmnghﬁa:r mondmgjto FEGCRI 2@3 capacitors are
agg.lifie c'rciEJtt AvI— merl% f +Rl } i{]
UsPeSe fnp and oMY SRR lated Rerigrmise Wil noise figure of

aboRPAME D, IR, diﬂﬂ?sﬁ') %'B'ab&ﬁtllzfts 11516 d@%h@'inp%’f Snatchmg S11 <-10
ubl'i cati on "W de-band CMOS Low Noi se Anplifi er

pu
dBaysl ashicved atTh éi’eqmncyzanmfs@et‘@mmémuhé 1, toFHe GHz With basic
Sol, 1 d-.St at.e

I J I
coREGRbS o Shastic ghERTnRUIRRl: 88 SBIASSL LS 1510 q G
THeAWhdiE kit figdws d2y[HB3A10.8lbA oF c%ﬁ%ﬁﬁwﬁh%@%pﬁlfz voltage of

si nul at ed perforrmnce of scattering paraneters
abgptl).2Ver sus frequency (F) and noise figure (NF) versus

frequency (F) based on the architecture of the | ow

noi se anplifier according to FIG 2. 2pF capacitors

[0885¢ S@ehidinal Hduttonpeakony ﬁﬂﬁm? WodRah BE apléheﬂl 1 yhedrEkitecture
fperformance with noise fiqgure of 5 about 4 to 2.8
0

dBIGghita fusthey widempbet—3t tbmmlsVl@tthemé i1QSueHz However,

exr'ggstrs]geeisog: Eja% e \ghlﬂ'g O&E @f ? b??ctﬂél-gé{"gg &f@_ésn%\)é)%lﬁ)%ggﬂ{gwherefore

anC oniscidelesst appreaddf ugiag ambhditive peadng dnosploitele FIG. dBhows a
andwi dth is about .5 to 9 GHz. The vvh(}le circuit

s na%c Bhi2y CapBEY C-PEARAREAOBINETAVESt CHiFHh If dtvadonipd yrom the

soﬁ@et&g&le?étlonaﬁglﬂEecﬁug\Thel& B&Q@ég @tﬁfn‘ngﬂ @burceé circuit 122

I nductor-peaking techni ques can be applied to
cognpeised efot transistapf a FekiGor Rt arekistar e mndnadepaclthec '3-dB
bandw dt h beyond 10. 6- GHz Howevér

The gain of this circuit 122 can be written as

A= R/ Vg, +R,|C, =R}/ /g, + 1/ VR, 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



10

15

20

25

30

excessive silicon area will be consuned by the |arge
passi ve conponents. Therefore, an inductorless
approach using capacitive peaking is exploited. - FIG 4
shows a 15 schematic of a capacitive-peaking
. conmon-source circuit. It is adopted fromthe source
ingeRe e PRacHEhPEkL clchin 28 FPRdMPIFRFLak e first gain
erQHERRNE CHEGE il SEkhd chientGARINP ol adl HARRIEERRE circuit

a resistor RL, a resistor R and a capacitor
redirestigay .l e cdpiasitivepeaking Gi2iits 432 bre highlighted iasioged Baxes.
RLI 1/gm +Rpl Cp =- RL/ 1/gm+ 1/ 1/ RP +joDCC (13) For
the first order, CP provides an increased A" regarding

[063BAUENEY - caphéiivepéRals Carule 129%@2&&%%0 QRCER! UdYst Ygain
S

fromthe resistive degeneration architecture. It is
enhandemenbeircuitassulisan amadditionsd cafgior(Cat)iand resedorsRey) IRPIG. 5

egr ades i p._and i npr I, neari t. i le capacitor
B BTRED DM RO S POk i RoRBRRS &R encs, o
filgt &idnid CQ%SIB&@H 4 BiFst oA ohfr@hesiétbEQRISHdassechbitBedBisRoupled to a
through C, has | ow i npedance. Thus, the resistive

segrigesndrafitheovesistor (Red. The feignd oé thasppamtoni(€) akthe first end of

L NGk bNg - Vo L |t i an. in L n i4N
o PEIEAER i3 F P gt (2 Paddl Bt R BF R ety or
the epfRten{@k) aml the debendaemhof etiesistoP (RN é&s taipledntoi the source

anplifier with capacitive-peaking according to an
tegnipalRltbhiranststerdMPy esent 13 invention. The

capacitive-peaking circuits 122 are inplenented in the
first gain enhancenent circuit, the second gain
[0@38) anCHree rbpazitivetpdakimgd cirbiét cidzbiimplethentadcun tthe second gain
espectjvely. These capagitive- peakij ci.rcuits 122
ey SeghFirgHredls AR oTs aRectTer @3:@? reidor (Ryo) in FIG. 5
wﬁépé%ﬁﬁﬁdré’cﬁtooﬁﬁkdifb&it% F, 2, b daHPAi%F‘EO},ﬁ%inBﬂE&etwo ends, a
first gain enhancenent circuit results in an

firaicietidt is oovaplod topabirst ond pLphR)resistor Resk andor sepmpBynd is chtgted to a
sefope SRS ERTRRAFT 03 I8 S5l oL lbhRor gl e s e of

th€ SR QARL id chiifled tcef dradind lddfindciSh STIRY sdchBin@BEthR capacitor
second end is coupled to a_second end of the resistor

(Conysoy therpreond pad oviig refistohRehisarorplsd i¢ esayoussecormpigal of the
trdnstsi (1@@9. of

[0039] The capacitive-peaking circuif 122 implemented in the combining circuit
results in an additional capacitor (Cps) and resistor (Rps) 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 (Ry4) and a second end is coupled to a second end of the
resistor (Rp4). The first end of the capacitor (Cpq) and the first end of the resistor (Rps)
is coupled to a ground connection.. The second end of the capacitor (Cy) and the
second end of the resistor (Rps) 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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10 the resistor (Rp3) is coupled to a capacitor (C2)
and a resistor (R2). The second end of the capacitor
(Cp3) and the second end of the resistor (Rp3) is
coupl ed to the source termnal of the transi stor

ﬁ nﬁﬁ%}sg‘l& the capaci tive-peakjng circuit
PRt SRRBRY ﬂ%ﬁ“}?tedlBefé?fﬁ%i]ﬁE"eﬁﬁrYpltéger gint(Av)
vé’rﬁﬁzuﬁ&ﬁleh@ g) @fjg'c&nﬁﬁﬁl soﬁ?&aﬁf&ﬂrw acRid- ﬁeﬁﬁfn t%rsed on

when conpared to the circuit
calculﬁltbds gaapaaznOthng (tQ:p@;)Jamm(ﬂrE)sass stated jpradispsiz Inf |EI€1 6A, the

PR EEREE u8 LUTTh & Je RSl R
| el
GRS 1R TP, L SRec O, o

gan dropulng to pamstt caracitdives.second end of the capacitor
20 (Cp2) and the second end of the resistor (Rp2) is
coupled to the source terminal of the transistor

[0048) - FRO3OB sTB&s %agﬁ%tdf\’%ﬁﬁ%ﬁ E&f&h{aﬁ&% bf 10Rage ﬁam (Av)

I npl emented in the ining circ results In
vegigiftdquendy (Ea pﬁ@ |commo@1@|@nyceamtu1t @ﬂthsa;ndrwx(&mm):apmltﬁle@eakmg

th t
biRed S el B ras Ut B ShsvBHiICh eIy fqeshectively. Tn
FROMB, QHe brameferd gl s8NQ 1S the REmE @8 115 FRG. 5Bp’ﬁ1)16 BidmBters are as

~'second end is coupled to a second end of the " resistor
fo(lﬁw&)gmr‘—h@ mS, & ehD 6F, Ryive 1@ &pdsi + 3rpK Cpoth K6 6Bhelear gain

t. d of .t t l t
binis Sortet: AL dow et acthaaened ordif Heie dpeddtion is found
beft\%lén) ﬂf@n@ot Rath éﬁﬁ@i@i@e%eﬁhﬁé ahh &hé %ﬁéﬁ%ﬁﬁoﬁt%ﬁmh%—peakmg,

coupled to the source term hal of the trans

whivh pxhithiethe st afiressstpredagengyatédn: cui t i npl emented in
the conbining circuit also results in an additional
resistor (R5) in FIG 5 when conpared to the circuit

in FIG 2. 14 [0040] HperinfeAtatResstsa gr aph of

simul ated performance of voltage gain (Av) versus
frequency (F) of a common-source circuit with

[06872C 1 FileY SrrRd ﬁ%”& BRSEGy gﬂw RS %ﬁ:‘h?i@]i Qﬁ-@&%&?@%&ﬁ% by

to equati on as stated previou
exparimeshk results ef ahe ffobiiaves! 11gegr@tea0:mmﬁ1t (RC) =hip0AHB2lowRAoise

i gl o SetRicatsf i qriorpoly piaBHaietad S B ey gh CMOS

teEHBIAS M ENe c&%‘fﬁfr&[u%ﬁcydli,eoﬁﬁlvﬂﬁ aslddiér i§ 8Pa%ol@ases.
[ 004 FIG 6B shows "a graph of sinulated performance

of voltage gain (Av)
[0043] FIG. 7 shows a die microphotograph 124 of a fabricated low noisc
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 pym 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 (S;;) and input return loss (S;) 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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15

20

versus frequency (F) of a conmmon-source circuit with
and w thout capacitive-peaking 10 based on act ual
circuit inplementation as shown in FIG 2 and FIG 5
respectively. In FIG 6B, the paraneters are set to be
the. sane _as in FIG 6A. The pararreterf are %s
The sirpated gpdmgn RgweRy 2ain 1§ Rpproxggately) 423, dBpand ghe,r3 dB
l; ; r [ ki [ .
R L B2 e e ik e oy o is
appeaximetelst he dpl otd thiet-8 dBh pandwidtheisprpakixngatehd? tdh&.Gblz. The

R PR B R L e o
st Rl %O-E&l:g afrf is Q?@sg gﬁégl‘?fdutchg eV oMU DS S‘aﬁ@ﬁ{%ﬂc&é ?fthe real

circui s verifi y 20 experinental results o
chipheMeatwrérent eiowntthefr tieeldNAi pdyi drags @poethi D65 The frow a low

noj.se,. a i | rcui t fabricated i.n_a twd-pagly
soplyroraB G anguE s ssml AR B ot R b i L0 am
over R tOBIGHZ atideneyured igfut DD 164539 s Han -0 aBVeF 2.9Q0 12 GHz,

GHz. [0043] FIG 7 shows a die m crophotograph 124 of
which showes dhe desisivendhiuge feedBackpshn feffgctively witec @opihgnatohing

an_enbodi @Wﬁt he present invention. As the passive
TIPS, e BMSFesi stors and capacitors, the

| ow noise anplifier chip with test pad occupies an

area of only about 415 %m_x 415 m which is relatively
[0&4rd] | . FIG0AshowThe grepls of sinvlatedfandhmeasirede pérforingnce of noise

I Lt T

shp & frigt MResidubited BAvEfip@aiidafpbadinati2i3NPBL6 ABlowENa E@?@ency
(SI'l), versus fr equencﬁy according to an enbodi nent of
rapgfe Op pRRFERENAtHY entq 8. CHz1 FIG. dqalse sheswt thap thmeasured noise

t; . i t i fiher. Sigai Ly,
SRL N IRRE LRERmBRLTR o M BB 1B s Feufhed ranee.
Tlhxoefere thaiameragd hoikb digatenaneatacilequandyntanpp ofapprgginutélg 2 to 9.6

ﬁ r oxi mat e % 5 dB and the -3 dB bandw dth is
G EE?WFWT% o 11.7 GHz. The neasured maxi mum
power gain is. approxinmately 11 dB and the -3 dB
bandw dth is approximately 2 to 9.6 GHz. The
[0846¢ queHiey attepraerdoned dickériptionc of Whe rvationp &nibedinidnés has been
neasured power gain.to the 5 .sinul.ated power .gain J
priaied) fePo bRt 8t Mokdaligf ahadarupidt RoRahe?Ridhdel g be
exhBstive al to BRitRhe MrastitFRAE prdR¥SorakclbiRl, BAMPBAbY]Y many

draws about 12,65 mA from_a | ow. ) ) )
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.
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supply voltage of about 1.5 V. The sinmul 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 GHz, which shows the resistive shunt
f eedback, can effectively offer a 50 0 matching 10
resi stance over the UAB frequencies. [0045] FIG 9
shows a graph of sinulated and neasured performance of
noi se figure versus frequency according to an
enbodi nent of the present invention. FIG 9 shows
that the sinulated noise figure is approximately 2.8
to 3.6 dB over a frequency éﬁqlﬁgge of approximtely 2
to 9.6 GHz. FIG 9 also sho at the nmeasured noise
figure is hlgher at approximately 3.6 to 4.8 dB over
t he ne L$ ency range. Therefore the average noise
fig ¥requency range of approximtely 2 to
9.6 G+E is approximately 4 dB. 20 [0046] The
af orenenti oned description of the various enbodi nents
HasAdewmoisp pepbifitrairchiorcoppripoges of illustration and
description. It is not intended to be exhaustive or
tolimt the invention to the precise formdisclosed,
a frentendbroliagesdeysingmyd maoking aeplifieitisn aﬂ&ut/lmvh‘@tdndﬂlilt ah@®two
ble in light of the disclosed teaching
OutPW@etha EranftqﬁlatVOﬂ%&ﬁ seRsipeandrmatehing prRkfGagpn %WPW@@% By

makhaigbgﬂgﬁa@gggggﬁd hereto. 16 CLAIMS What is clained
Al ow noi sé anplifier circuit, conprising a

front end vol tage sensing and natchlng anplification

o i UG Y 98 AL LR QUL gl L1901 ome o

d an ron circuit
thepwo \ouqbutsg)f éhe frat efibthlgigy Emismgtandé amtchmgtanqﬂlﬁcmcgmmmt, the

.circy avi ng two inputs, each.input bei
gaip égi}lé@%-‘f‘g%rl "%&GBP SHIPES: 2t oyt sfen “@fPTOYla%i gtfgeh output of
theQinRiicaitfndt he front end vol tage sensing and matching
anplification circuit, the gain circuit further
having two outputs, an output signal being provided at

W0 nfnd EhIRd butit Sithils oY oRin® d
o GRGRRE i hein LIRS Fidhl oPAC afn PR, T hmbioing
ciraiitrhawming two rputso edsh mapug being respectively coupled to at Ieast one of the two
outputs of the gain circuit, the combining circuit further comprising an output providing a

combined signal.

wherein 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;

a second gain enhancement circuit coupled to the first gain enhancement circuit and

having an input coupled to a second output of the front end voltage sensing and matching
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circuit having two inputs, each input being
respectively coupled to at | east one of the two
outputs of the gain circuit, the conmbining circuit
further conprising an output providing a conbined
signal . ‘wherein the gain circuit conprising a first
gai n enhancenent circuit having an input coupled to a
first output of the front end voltage sensing and
?ﬂﬁ&ambﬂ Qir3aPhad he aht?qnc&ip[ea%ta F6h AhpRUSPiKE csﬂﬂsahﬁgicmun
o a first input the combining circuit; a second
andyai n enhancenent circuit coupled to the flrst gain
enhancenent circuit and having an input coupled to a
second out put of the front end voltage sensing and
a vimad groupd difuamphhdctaglabdteserciheclinst gendnhamcemtgtudircuit and the
l.,ed to a second input, of the onblnln ut;
secgpfEoim GRRaPAERER] FEOHLPTLOTe Sl rplEERSuP YRRl e T pdier side
- first gain enhancenent circuit and the second gain
enhancenment circuit on one side and a reference )
thepluse geinainhanrerment oirdvélr ansh the; secquidesdin rephangaingnt circuit having a
CJ rGU § [
corgxlrﬁ?g Elﬁr?&ﬁ g)%tlhndéldgolélng & Hﬂﬁﬁrgcg For %‘9{&@ t?ﬁ cOhd glﬂjg%gﬁmard paths
to the némbiningdirtceit.pr ovi de two concurrent feedformard pat hs
to the conbining circuit. 2. The | ow noise anplifier
circuit of claim1, further conprising an alternating
CUT TROMowCIiR! dniplifie} Eifdhittor BRWh NOfidiRerl dbRkristgupl ed to
the first output of the front end vol tage sensing and
mat ahaliegnasing chrens sopding cirewithavingman mprtcouped to the fipst ewtput

Th e&rtﬁe !ﬁ‘g%dqio%_rpéélesfﬁélﬂgsgndqgétplglﬁg %ﬂgﬁ@%@g fzﬁ LLtgéﬁdtan otitput

OW Nnol se a rer-circu

al t evupledito theanput efithedost@ainngphandemignt cifcuitt her

conprising a capacitive elenment and a resistive
elenent. 4. The low noise anplifier circuit of any one

of. ThaloWEnolsela@nplifief tifdult@F ck@iPr i Sing a current
enhancenent circuit connected between the first gain

enhBis@BFBAING Qteat forphREritoHE frthes AomprAsRE %?ﬂi’&ﬁ&@‘ﬁé‘ﬁlﬁleﬁt

Ci r&ﬂ&e{rem%tli]\?e J4k&fNt enhancenment circuit providing
additional current to the second gai n enhancenent

circuit.

4. The low noise amplifier circuit of any one of claims 1 to 3, 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.
5. The low noise amplhifier circuit of claim 4,
the current enhancement circuit further being connected to the virtual ground

circuit.

6. The low noise amplifier circuit of claim 5,

the current enhancement circuit comprising a resistive element.
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5. The I ow noise anplifier circuit of claim4, the
current enhancenent circuit further being connected to
the virtual ground circuit. 6. The | ow noi se
anplifier circuit of claim5, the current enhancenent
circuit conprising a resistive elenent. 18 7. The | ow
noi se anplifier circuit of any one of clains 1 to 6,
the virtual ground circuit conprising a capacitive

&), emBdlow didel arilifieLEFBURAIL aff ondMTictimbeitdg, connected to
the first gain_enhancenent circuit and the second gain
enhBisdahehgroand eigfuit cap@riging e capngitive ckmeat, adirstigrimdpal of
bei pg: r At | -
o B BBAEE A1 1d B ficl Sl FRAR RNl nd e sl goin
7, tthendenmnt ciend aud b sagped semsiahgf which beihg homgcted to the
anpli.fication.circuit conprising a voltage sensing
aon$¥W§Fp8F?Eﬂit and a matching anplifier circuit. 9.
The | ow noi se anplifier circuit of claim8, the

vol tage sensing anplifier circuit conprising an input
3ndTemloginopigramplifer graupef anhenanf cldupll &7t o an i nput

of ' b CLLGHLL: T

noi R ECREGRVLIE R ae AR b Shpikdion tipyil Ood il o
sensdltage savping fainplified cicuit bnd o matdhiigragnpdiffee adinitc k
resistor and a source resistor sensing the voltage
applied to the input of the voltage sensing anplifier
@ T The Tow rblse ARpifEOWANRIoT LA i T1er circuit of claim
8, the matching anplifier circuit conprising an input
andtha yokiagesersingear)ifien pistudicropprising an figyyus andyag gptput, the output

on . . . Uitior
ol g CBledih i Hight ot sol iy p B RRATDRI T, |
conprising the feedback resistor, a resistive elenent

d transi st or. roviﬁi t he source resistor
g@t Eﬁ? lns?ﬁ’.no_i‘q(?.amlgﬁfggﬁ B 6’??13”% lifier circuit of any
onethefvoRdgaisesink dnplifdr circuit comprising a feedback resistor and a source
resistor sensing the voltage applied to the input of the voltage sensing amplifier

clrcuit,

11. The low noise amplifier circuit of claim 8,
the matching amplifier circuit comprising an input and an output being coupled to

the first gain enhancement circuit.
12. The low noise amplifier circuit of claim 8,
. the matching amplifier circuit comprising the feedback resistor, a resistive

element and a transistor providing the source resistor matching.

13. The low noise amplifier circuit of any one of claims 1 to 12,

the first gain enhancement circuit comprising a transistor and a resistive element.
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the first gain enhancenent circuit conprising a
transistor and a resistive element. 19 14. The | ow
noi se anplifier circuit of any one of clains 1 to 13,
t he second gai n enhancenent circuit conprising a
transi stor and a resistive elenent. 15. The | ow noise
anplifier circuit of any one of clains 1 to 14, -the
conmbining circuit conprising two serially coupl ed
tjaangd 8% otse abUATNErduAWE B} S FFRihS I @3 1xi rcui t of
any one of claims 1 to 15, further conprising a first
captiestcond gaialenirgcenent gireuicenmsisingd thasifios And heeskiiyest
gai f.g0fancement circuit and the second gain
enhancenent circuit. 17. The | ow noise anplifier
circuit of claim116, the first capacitor peaking

i_rcuit conprisi. a capacitive el enent d a
s by Bl SrbRT Ry onsp B il er
Ci I @ cbmBhird et SorBpriGhPiviBsediallPeohpled fitahdingss.

conprising a second capacitor peaking circuit
connect ed between the second gain enhancenent circuit

r . . .
TR PRI Bt S RO T6APEL b S
Ci rfitst capadipripsaligg cironitpanideicd derdcenei firginghirfenhancement
resistive_ elenent. 20..The | ow nojse anplifier circuit
of GtaRe thsreeeqndieat ephingement Girghither conprising a
third capacitor peaking circuit connected between the
conbining circuit and a reference potential. 21. The
113w redpwenodgepiiplifier cixepit @l plpinof6.cl ai m 20, the third

CoRAE RS A U SRR SRl i e

ci rdem¢ntin a | ow noise anplifier, the gain circuit
conprising: a first gain enhancenent circuit having an
i nput coupled to a first output of a front end

18. The low noise amplifier circuit of any one of claims 1 to 17, further comprising
a second capacitor peaking circuit connected between the second gain

enhancement circuit and a reference potential.

19. The low noise amplifier circuit of claim 18,
the second capacitor peaking circuit comprising a capacitive element and a

resistive element.

20. The low noise amplifier circuit of any one of claims 1 to 19, further comprising
a third capacitor peaking circuit connected between the combining circuit and a

reference potential.
21. The low noise amplifier circuit of claim 20,

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

element.
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vol tage sensing and matching anplification circuit and
havi ng an out put; a second gain enhancenent circuit
coupled to the first gain enhancenment circuit and
having an i nput coupled to a second output of the
front end voltage sensing and matching anplification
circuit and having an output; and a virtual ground
circuit connected between the first gain enhancenent

iz @Waln @RIt NS lovw RS UInSIAeR (BOBARERAB onfpisingi t ON
one side and a reference potentrial on the other side;
the first gain enhancenent circuit and the second gain

o SRR AR Gl b nilRY) 0By SOTERI EHE RbuRER Bofilihg
volpat hensigeand neavehtngnanmg)ifehtieditenitAdd having an output;

a second gain enhancement circuit coupled to the first gain enhancement circuit and
having an input coupled to a second output of the front end voltage sensing and matching

amplification circuit and having an output; and

a virtual ground circuit connected between the first gain enhancement circuit and the

second gain enhancement circuit on one side and a reference potential on the other side;
the first gain enhancement circuit and the second gain enhancement circuit having a

common current path and being configured to provide two concurrent feedforward paths

to a combining circuit.
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