.2 APRENoveI Techni que to CGenerate Negative Conductance in CMOS Tuned

-:Casco'de RF Anplifiers Background of the Invention 1. Field of Inve&ri%
AE 01 %Y

~This invention relates to printed and integrated circuits and in p

to integrated CMOS tuned RF anplifiers. 2. Description of Related Art
Advances in CMOS technol ogy -has nade it possible to integrat onto a single
chip a conmunication systemoperating in a frequency range between 0.9 and .
2.5 GHz which can be used in nobile phones and gl obal positioning systens.
An inportant aspecNowél TéchniguedoiGGenerate NegatieenGondwetamee a | ow noi se ,
anplifier (LNA). The prime objective of the LNAis to produce a signal at
a given noise figure f r. Since an LNA is a
first stage of a rece:ﬂ\"/e , M/ge(fgpg&gieéﬁgmﬁ‘&ﬁmm%@ dom nated by the-

noi se figure. Wen the gain of the LNA is large, noise contribution by
subsequent stages becones insignificant. Al so a narrow bandwi dth LNA

provi des increased inmmunity for |ow frequency base band signals. In US
5,861,778 (Louagie et al.) a low noise anplifier is based on a differenti al

difference anplifier having a dlfferentlal output with two pairs of

differential inputs This is B rg 3 rmoni c distortion. In US
5,710, 523 (Kobayashi) a | ow zing a high nobility 1
j1 2 APR 2004 transistor and a tunabl e heterojunction bi poI ar transistor is
described. In US 5,642,080 (Wang et

1. Field of Invention

L,

i,

This invention relates to printed and integrated circuits and in particular to integrated

CMOS tuned RF amplifiers.

2. Description of Related Art

Advances m CMOS technology has made it possible to integrat onto a single chip a
communication system operating in a frequency range between 0.9 and 2.5 GHz which can be
used in mobile phones and global positioning systems. An important aspect of the communication
system is having a low noise amplifier (LNA). The prime objective of the LNA is to produce a
signal at a given noise figure for a minimum expenditure of power. Since an LNA is a first stage
of a receiver, the overall design will be dominated by the noise figure. When the gain of the LNA

s Iarge, noise contribution by subsequent stages becomes insignificant. Also a narrow bandwidth

LNA provides increased immunity fbr rlm;'\-r frequency base band signals.

In US 5,861,778 (Louagie et al.) a low noise amplifier is based on a differential difference
amplifier having a differential output with two pairs of differential inputs This is done to mlmm]ze

harmonic distortion. In US 5,710,523 (Kobayashi) a low noise amplifier utilizing a high mobility




al.) al oW noi se anplifier is described that includes an input i rrpe@ﬁﬁ

conponent consisting of an inductor and a capacitor. Two MESFETs a R 2604

_.connected in cascade with a capacitor connected between themto enhance -
tHe stability of the anplifier. In US 5,574,405 (Razavi) a | ow noi se

anplifier is conbined with a m xer and synthesizer circuit to produce an RF

systemfront end. The synthesizer shares power wth the | ow noise

anplifier to reduce power consunption. In US 5,488,382 (Fenzi et al.) a

| ow Nnoi s erasiffdrizhd & tunable hetsiofiihciisibipolanTRASOLE destribS T 6 B42980 (Whangscode

pair of FET transistors. A feedfback is provided fromoutput to input to

| over t hgr)@ 18% notsB 8mphticd RiRscdibed et i1tk af inphiiBipadiRtd donfonert CORGERE BY t he

bandw dt h ‘of the detector and matching the antenna to the noise factor of

the bl bh o A ATHRRHGL S UEIER REATBLEL h ook LIEAUEALLDY oiRBHeAS 3

| ow noi se anplifi Ing a ca Ier as an I nput stage Isol ates

mor ove. BRAR b ™ st bR P PR Ty s AP ool {27

i nprove ls’?a n 1 ntegr 0 % tank

i it has.a | ity f which Linmts, th f the LNA
ST o PoDH s A i st S Spls e el G ety R S Rt mh st i ve

conduct ance at the output of the LNA to_the tank «circuit, but_this usually
means ad&@thesizer sharegipayres dathihs low notss amplifier to redpcs neBrEEONsHPPtNsr B Pdwer

di ssipation. SUMVARY OF THE INVENTION In this invention a single capacitor
i s added>5488.38% tisud ¢ball) glpwopiseamphfier witkhigh éppt inwedsaceis desstjbad using a
conductance and increase the Q and gain, as well as inproves the noise
per f or napaseqdeqhair of FET drapsistéiseh feedfbadkGs provided fromuniutput & ipputrie &veed thed bhie
drain of the output transistor of the cascode 2 i2 APR 2004 -

the antenna at the input of the amplifier, broadening the bandwidth of the detector and matching

the antenna to the noise factor of the amplifier.

A common source tuned RF amplifier is frequently used as a low noise amplifier, Using a
cascode amplifier as an input stage isolates an inter stage tank circuit from any input matching
networks which can improve stability. An integrated inductor which forms a part of the tank
circuit has a low Q (quality factor) which limits the Q of the LNA amplifier. The gain and Q of the
LNA can be enhanced by adding a negative conductance at the output of the LNA to the tank

circuit, but this usvally means added active devices which results in more noise and more power

dissipation.

SUMMARY OF THE INVENTION

In this invention a single capacitor is added to a cascode low noise amplifter to produce a
negative conductance and increase the Q and gain, as well as improves the noise performance, of

the amplifier. An LC tank circuit is connected to the drain of the output transistor of the cascode




\,anplifier: and the-added capacitor is connected fromdrain of the OK@S#A
transistor to the drain of the input transistor. The capacitor bet ?%@%4‘
two drains produces a negative conductance which when conbined with the LC
" tank circuit produces a higher anplifier Q and gain. The added capacitor
bei ng passive does not generate noise or add additional power to the
anplifier, and enhances the characteristics of the | ow noise anplifier by
providing better gain wthout additional Ppower consunption. The higher Q

al | ows t henplifiy, & tﬁ@a@ﬁ&"daf;dcﬁbri&@orﬁﬂétﬁ@ﬁﬁﬁlmoﬁﬁ@Qﬁ?&&ran&kkﬂ%'tﬁ@émnme LC
network connected to the drain of the output transistor of the LNA (Il ow

noi se -~ anpl hfn!lﬁf%slkt&i' ('i?x ggﬁﬁ% vﬁgﬁgié%o ﬂra'ilﬁ?)g{?cﬂl@ésrbxﬁ t‘vgg Piafide W ch

frequency of“the anpli capacil conne et Ween

d f he a

ot mam GAieA CofRREERA, B i BrohitS 1hihst SmidSrQand Byn PRGN

and gai n BrectRLTIRASE GR T Sete oo erecd FRUGRTEhRMS o tr el asapﬁet e

capaC|tor of the LC tank circuit is adjusted to return the center

f requency et B FABERFEBirsAE oo BenAmEiRe IR Fetion £0n apbow Ao he
LNA. The techniques of this invention are applicable in tuned RF anplifiers-
devel opedopiepeanguimptiogeTherighsr @elipwe thedom noiseamplifiotfiogsriomMesimedendpash as BJT,
MESFET, HBT and HEMTI can be wused to formtuned RF anplifiers using simlar
tuni ng t dedetipopies disclosed in this invention. . These devices can be
constructed using various processes and technol ogi es such as CMOS, BJT,

Bi CMOS, Sl Ge GhelL6@etvidivk EnmBRECH thY tfalt dBfheTddmDRANYINGS Tt INA (s@Hoisen Wi | |
be described with reference to the acconpanying draw ngs, wherein: 3

- amplifier) is designed to produce a peak gain at the center frequency of the amplifier. The added

capacitor connected between the drains of the cascode transistors of the LNA is chosen to
produce a maximum gain. The value of the adde& capacitor creates a negative conductance which
when combined with the LC tank circuit increases the Q and galn of the LNA and shifts the center
frequency of the amplifier. The cai;acitor of the LC tank circuit is adjusted to return the center
frequency to the required design point producing a high Q and gain for the LNA.

The techniques of this invention are applicable in tuned RF amplifiers developed from a
wide range devices and technologies. Devices such as BJT, MESFET, HBT and HEMT can be
used to form tuned RF amplifiers using similar tuning techniques disclosed in this invention. .
These devices can be constructed using various processes and technologies such as CMOS, BJT,

BiCMOS, SIGe and SOI.

BRIEF DESCRIPTION OF THE DRAWINGS

This invention will be described with reference to the accompanying drawings, wherein:




12 APR 2004 FIG | is a schematic diagramof the LNA of this inventi gia
"FIG 2 is a set of curves that shows the effect of inductor Q and add& APR 2004
__capaci tance between stages of a cascode anplifier on the total output _

- conduct ance of the anplifier, FIG 3 is a set of curves showing anplifier

Q gain-and frequency versus the added capacitance between cascode stages

of the LNA; FIG 4 shows the effect of adjusting capacitance on gain-of the
LNA, and FIG 5 shows a nethod of creating an LNA with high Q and high

gai n. DETA L BRGDERGRIRFHhIN deraht 7 (RRERERTRR ML MENT In FIG 1 is shown a

schematic diagram of the LNAof this invention. Af input signal 10 is

connected th rﬁﬁfqg ﬁ%k 0P | S ARAGILR E[hecéﬂ‘eg fth}faf%ctgrab%ﬁ %\ﬁl eﬁ%nl%im én?:ét (1)

0 1
desi gnated as rs a casco atrﬁ)l rer r ansi r 12

desi gnated as M. bi as net k cqonmprisin transi stqor. 13 and resistors
R1 aod FPTPEn iR ke ede EHBIEA B UG ROt GRS SO pRes oG 05 SRR, an
appropriate bias for the cascode anplifier 14. An LC tank circuit is forned
bet ween i ndudiir 3 i5a sehpfcrusvep shoving anmdifigh R carin and disavruey vatsusdha addedir ai n of
transi stor M2 of the cascode anplifier 14. The drain of the transistor M
provi descaphataneethstivech Sasopde stages dfthe BNAapaci tor C2 is added between the
drains of transistors M1 and M2 of the cascode anplifier. This added

capaci tor  prEadus slfovs theglict sfadiieiuapaitereah ghinof thed/NA,@hdt r ansi stor M2
whi ch when conbined with the LC tank circuit produces a higher gain and

hi gher over algiGes efitista fRthddofitingad ENARAWTigh Q§hd h Ghifves relating the
val ue of the inductor L 1 quality tactor o the capacitance of the

{added capacitor C2 for various values of the real part of the output 4

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

In FIG. 1 is shown a schematic diagram of the LNA of this invention. An input signal 10 is
éonnected through an input capacitbr C1 to the gate of transistor 11 designated as M1 _which
forms a cascode amplifier 14 with transistor 12 designated as M2. A bias network comprising
transistor 13 M3 and resistors R1 and R2 is connected to the gate of transistor M1 to provide an

{- _ appropriate bias for the cascode amplifier 14. An LC tank circuit is formgd between inductor L1
| and capacitor C3 which is connected to the drain of transistor M2 of the cascode amplifier 14.
The drain of the transistor M2 provides the output 15 of the LNA. A capacitor C2 is added
between the drains of transistors M1 and M2 of the cascode amplifier. This added capacitor
produces a negative conductance at the drain of transistor M2 which when combined with the LC
tank circuit produces a higher gain and higher overall circuit Q.

In FIG. 2 is shown a set of curves relating the vaiue of the inductor L1 quality factor Qp

to the capacitance of the added capacitor C2 for various values of the real part of the output

4



12 'APR 2004 i npedance of the LNA. A relatively | ow valued of the i naijct or

"QLis required to maintaining circuit stability by providing a pos 4 HBR 2004

_.real part of the circuit output inpedance to allow stable operation. As an
exanple, a 1.8 GHz tuned cascode anplifier can be designed using an

integrated inductor of L= 9nH and a Q.= 5 with C3=0.7pF. As shown in FIG

2 the added capacitance of C2 can be any value and still produce a stable

operation. For values of Q.>5 the range of values for C2 becone nore

restrict f l\&a O E 30 Q h ffect.s. of
capaci t or G c%r??gi\%g“rbg 'I}{)geliar?%ﬂﬂb %Q‘,’Alﬁa}er(%qu—%ei'%drucg’aﬁ %Lﬁ{ﬁ"ae% tgé'%’?n gé:ﬁq] equency f -
of the anplifier. A maxinumagain G and circuit Qis obtained for

capaci t &ieuit stability by, proyiding apositigysepat of thsrirpwt oulpyd epedanced aljgyvestatde . = 5.
The frequency of the anplifier which produces maxi nrum gain and Q has

shi f t ed operhtian. Alsen ¢x@npleia 1 BcSkHy tunpdeastade Bplifier egpieendeyigneshising ap anegyated
corrected by reducing the capacitance of capacitor C3 from approxi mately

about  GhdhEbr 6OL-AP R DBi-E Mtﬁb:guo.g:ga%&howif HFIG42 8RS FpimhaS T2t he

gain effects for various val ues of - C3 and L 1. Curve A "has a center

frequency of appr oxi ely 1.8 GHz for L1=9nH and, C3=0. 7pF. Addj ng
capaci t in beess valug e Sl pridupeastaile qReastionnEorariienel S thrrapsetaabea®pl i fi er

14 produces curve B which is shifted in frequency, has a higher peak gain
and a n&2rbevene herededtdtitdd fofstabeogerativans the effects of conpensating for
the frequency shift of curve B by reducing C3 from approxi mately about

0. 7pf to appIORIGIBisdhywa bRWEieéls bcapaditef €2 ofvoliéall dirchit @) @fnpBifdr Baid Ward rcui t Q
han either curves A or B and has a center frequency of approximately 1.8

GHz wWhi ehhidrSreyliéhcd €6f B0 ampiifRl. A Ahxiln i@ ga®hid diRhit Qlifotthied Rr k%a@i%ﬁ%@ a

met hod for optimzing the gain and circuit Q for a cascode L
of approximately about 0.8 pF for capacitor C2 when Q.= 5. The frequency of the amplifier

which producas maximum gain and Q has shifted below the 1.8 GHz design point. The frequency
shift can be corrected by reducing the capacitance of capacitor C3 from approximately about
0.7pf to approxi1hately about 0.51pf.

FIG. 4 shows examples of the gain effects for various values of C2, C3 and L1. Curve A
has a center frequency of approximately 1.8 GHz for L.1=9nH and C3=0.7pF. Adding capacitor

C2=0.8pF comnected between the drains of the cascode amplifier 14 produces curve B which is

Flaniant

shifted in frequency, has a higher peak gain and a narrower bandwidth, Curve C shows the effects
of compensating for the frequency shift of curve B by reducing C3 from approximately about
0.7pf to approximately about 0.51pf. Curve C has a higher gain and circuit Q than either curves
A or B and has a center frequency of approximately 1.8 GHz which is the design point for the
amplifier.

In FIG. 5 is shown a methoci for optimizing the gain and circuit Q for a cascode LNA. A

drain of a first transistor is connected the source of a second transistor of a cascode amplifier 20.



~drain of a first transistor is connected the source of a second traids2 $8r2k
of a cascode anplifier 20. 512 APR 2U4 An input signal is connected to the

~gate of the first transistor of the cascode anplifier 21. An inductor and

a capacitor are connected to the drain of the second transistor of the

cascode - anplifier 22. The drain of the second transistor is the output for

the cascode anplifier. A second capacitor is connected between the drains

of the first and second transistor of the cascode anplifier 23. Values for

the i nduatighn Spchl sBnddctedtio ﬂﬁ%ﬁ&iéfﬂ{e Rt raf SUEICIIeRE daScolt AEPIBRy 81.08RK gai n at
a required frequency 24. The Q of the inductor in held at a val ue that

mai nt ai Lyt i) ! AN %ﬁ&{&g capaci tor
connect glgu g{éimgeancag&rﬁgpﬁge%?mteﬁgd %’ofﬂgﬁgrlaisnfog?@ 0 thﬁﬂre ca‘s’%gg}éesanp Ifier to
produce X1 R0 ARe sokd SOU hift occurs as. a resulf of the
‘capaci t%%%@ﬁ? ‘the sec(c))nge ?:eacﬁ%‘{:tl‘t c?@%ﬁ?%"‘%‘?‘étﬁ%‘e‘ %f/asg%qefafnpﬁéerb’go‘ﬁ%cgﬁéat ed
for by adjusting the first capacit o be a | ower . val 26. The result of
Lhi's meraRBH aRetedbeh it o Cansahie e roont Has gt D Reattl o roui t O
at a required frequency, Wile the invention has_been particularly shown
and des&PPlHisH23y falpes frdheipductersnd therfisst cappciterAse selqvtsdte produsesppeak giingf | | pe
understood by those skilled in the art that various changes in form and
det ai | sarraguitgé eaepacy\?4- HdaQ efdbinductey it hedrat drealusghatimaingaies aircoip etabilityt Ae
invention. 6 12 APR 2004 Clains Wat is clained is: 1. A tuned cascode

anpl i fi ealye is seigtédsfontie second capacitor connected between drains of the transistors of the

{ ) cascode amplifier to produce a maximum gain 25. A frequency shift occurs as a result of the
capacitance of the second capacitor. This ﬁequency shift is compensated for by adjusting the first
capacitor to be a lower value 26. The result of this method produces a low noise amplifier with a
high gain and circuit Q at a required frequency.
While the invention has been particularly shown and described with reference to préferred
| embodiments thereof, it will be understood by those skilled in the art that various changes in form

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



a) a first transistor connected in cascode with a second transistor MQPR.WJ&
radio frequency (RF) anplifier, b) an input to said anplifier connected to
gate of said first transistor, c) an output of said anplifier connected
fromdrain of said second transistor d) an inductor-capacitor (LC) network
connected to drain of said second transistor, e) said LC network
~conprising an integrated inductor and a first capacitor, f) a second
capaci tor connected between said LC network and drain of said first

transi stor to enhance said LC networdqagial ity factor (Q which results in
an increased . gain of said anplifier, g) said second capacitor limted to
val ues t hWhatds elaiRed i stable anplifier. 2. The anplifier of claim 1,
wherei n i ncreasi ng capacitance of said second capacitor reduces frequency
. of peak gain of said RF anplifier. 3. The anplifier of claim?2, wherein
decr easi ng, orl.i ncretasehepscakpaplifiencempfisingai d first capacitor conpensates
for frequency effects of said second capacitor which further increases
circuit Qand frequency of peak gain of said RF anplifier. 7 12 APR 2004 4.
A net hod of f @) mifing tr@ndisieednaasaiodascadd @ith b eeoad Grndidbr; ih aaadb i fi er,
conprising; a) connecting a drain of a first transistor to a source of a
second tr Py AR} goplifish a cascode anplifier,

b) an input to said amplifier connected to gate of said first transistor,
¢) an output of said amplifier connected from drain of said second transistor

d) an inductor-capacitor (LC) network connected to drain of said second

transistor,

e) said LC network comprising an integrated inductor and a first capacitor,

f) a second capacitor connected between said LC network and drain of said first
transistor to enhance said LC network quality factor (Q) which results in an increased
gain of said amplifier,

g) said second capacitor limited to values that produce a stable amplifier.

2.  The amplifier of claim 1, wherein increasing capacitance of said second

capacitbr reduces frequency of peak gain of said RF amplifier.

3. The amplifier of claim 2, wherein decreasing, or increasing, capacitance of
said first capacitor compensates for frequency effects of said second capacitor which

further increases circuit Q and frequency of peak gain of said RF amplifier.




b) connecting an input signal to gate of said first transistor, c) 42 APR 2004
connecting an inductor and a first capacitor to forman LC network att i
output of said anplifier connected to drain of said second transistor, d)
connecting a second capacitor between the drain of said second transistor
and drain of said first transistor, e) selecting values for said inductor
and said first capacitor to produce a peak gain at a required frequency,
f) selecting a value for said second capacitor to produce a maxi mum gain,

g) adjusting s@id fA mstho8 3Pffeinia thfedCRBRRAB AL IEQlenty @IYQRRYUAEN ft caused
by said. second capacitor and produce a tuned anplifier at said required

frequencyPPrSMEe nmet hod of claim4, wherein selecting a value for said
second capacitor produces a negative conductance that enhances the quality
factor (Q and gain of the tuned cascode anplifier. 6. The method of claim
4, wherein saialcomgotitgor driaim s firstttegsistbei a sodweba secpnd Thsistettdbdmof cl ai m
4, wherein aqgfor .said inductor is limted to produce a positive real

part of aarﬁ?Ts‘f Fé@pgﬁ?rput i npedance and provide a stable circuit operation.
8

b) connecting an input signal to gate of said first transistor,

¢) connecting an inductor and a first capacitor to form an LC network at output of

said amplifier connected to drain of said second transistor,

d) connecting a second capacitor between the drain of said second transistor and

drain of said first transistor,

e) selecting values for said inductor and said first capacitor to produce a peak gain

at a required frequency,
f) selecting a value for said second capacitor to produce a maximum gain,

o) adjusting said first capacitor to compensate for frequency shift caused by said

second capacitor and produce a tuned amplifier at said required frequency.

5. The method of claim 4, wherein selecting a value for said second capacitor
produces a negative conductance that enhances the quality factor (Q) and gain of the
tuned cascode amplifier.

6. The method of claim 4, wherein said inductor is an integrated inductor.

7. - The method of ¢laim 4, wherein a Q for said inductor is limited to produce

a positive real part of amplifier output impedance and provide a stable circuit operation.



