TUNABLE HIGH QUALITY FACTOR INDUCTOR FIELD OF THE INVENTION [0001]The present
invention relates to integrated circuits (ICs) and more particularly to high quality (Q) factor inductors used
in integrated circuits. BACKGROUND OF THE INVENTION [0002]Inductors are important components in
many of the building blocks in TN ABE I dhkGId rQAAbHISY $i8 TFORIENRE RFOFandpass filters, oscillators,
impedance matching networks, emitter degeneration circuits, and/or baluns. Wireless communication
standards place stringent requirements oRIp&fdAhdtdelBdEdIding parameters, such as noise
interference/immunity and power consumption. To accommodate the stringent requirements, high Q

inductors ard f¥ddied. BREISSIDEEHRIEH R Rt AT ch iAo AnERqE trstigriby 1 geh

performance;aﬁsiv&%c mpon nts, suchdas .otn-chtig in.duc%ors. [0003]Ideally, an inductor acts as a purely
reactive devids HolravarIh ERGRTS the harBiRaRde 8 Wi inductor is impacted by parasitic losses

distributed within the inductor. Fig. 1 | iy ‘ﬁqyﬁr@ 100. The real inductor incurs
losses, referred to as a "lossy induct?rg%%%§ c(,%{:n%b}ggﬁe to, for gxample, built in resistance of the
wire. The buifhgpFpsistanae:d2 QR es,aRAuah Wl saRnesad maarieH itk thsidaalinductor 110.

Other losses can also include those due to, for example, skin effect, proximity effect, as well as eddy

current in the:sideiingsubstate sddne dagsesmisusrerehy dhalinductaiRmdepiesaniedas bkQr effective
series resistance. The total impedance Z of the circuit is defined as: Z = R. + XL The total impedance

includes a reahtampeantynanid @n imdgineainconvpoelesnt Snwinichtisikeeffedtippdeadigrae. The
effective reactance of the inductor XL is equal to jaL. As such the total impedance Z of the inductor is
defined as: ZeRuiRizents[00paPhea@ facbrprdicegashowiatosech reabisdnstdeients/annidedy mductor. The
higher the Q factor, the more pure is the inductor. Typically, a high Q factor is associated with a low signal
loss. The Q fRRYGF R Rs FoResegamodate the stringent requirements, high Q inductors are needed.

One major obstacle in integrating communication ICs is the lack of high performance passive
components, such as on-chip inductors.
[0003] Ideally, an inductor acts as a purely reactive device. However, in reality, the
performance of an inductor is impacted by parasitic losses distributed within the inductor. Fig. 1
shows a model of a “real” inductor 100. The real inductor incurs losses, referred to as a “lossy
inductor”. The losses can be due to, for example, built in resistance of the wire. The built in
resistance 120 acts as though it were connected in series with the ideal inductor 110. Other
losses can also include those due to, for example, skin effect, proximity effect, as well as eddy
current in the underlying substrate. The losses incurred by the inductor are represented as R or
effective series resistance. The total impedance Z of the circuit is defined as:

Z=R¢+ XL
The total impedance includes a real component R, and an imaginary component X;, which is the
effective reactance. The effective reactance of the inductor Xy is equal to jwL . As such the total

impedance Z of the inductor is defined as:

Z=R+jaL



ina(z) Q Re(Z) Rs, In reality, Rs is large due to various parasitic effects, which leads to a low Q. To
increase Q, active inductors have been proposed. However, such active inductors have peak Q at low
frequencies and only over a narrow bandwidth. As such, conventional inductors are not applicable for
high frequen{8004 wideélbeafuiactihiagpplications:1 {800 5¢Refding toté i idsgentbrrranddofiigheonventional
inductor is shown. Line 210 plots the Q factor as a function of frequency while line 220 plots the
inductance ad@@faeworihs freiguaarcly. thaistieim, theokehyenbieh4? ingiesioritasidqsesikha 15 of about
6.9 at 8.5 GHz and a peak inductance 225 of 6.3 E-10 at about 12.9 GHz. [0006]From the foregoing, it is
desirable to prRAHETighhe thidaioisdaities asdhlseSperated at high frequencies and/or over a broad
frequency range. SUMMARY OF THE INVENTION [0007]The present invention relates to ICs, more
particularly relates to high qualityia s=used in integrated circuits. An integrated circuit and an
inductor circuit are disclosed. In onepsf‘éﬁéct & the invention, the integrated circuit comprises an inductor
circuit. The inductor circuit includes a primary inductor and a compensation sub-circuit. The compensation
sub-circuit is BIEGH R ally Bt fEhY R s GrdetordnehietAageta®y dSUBRERI® the primary
inductor. Such arrangement is useful to compensate loss in the primary inductor and Q factor of the

inductor circdit 1< eARKALE NGRS ILTHRIGEY HPNRYERSHSY BB IR IRYURTBE | Hri¥ented in another

aspect of the.invention. The method includeBs gggy&%n}gﬁrcipg&‘(igquctqrwhi h incurs A loss equal to Rt.
{ €

requencies and only over a .nairow ba . ntional inductors are n
The method f‘ur er includes d'eneraatlng a negative inductance y magnetic coup(flng a 2 feedback

loop of a CO@B&ﬁ%ﬁ@fbﬁhﬁ@h@f@&ﬂ&%&rﬁjfhé'B%ﬁ&?cﬂtf@ﬂ&ifc%ﬁdﬂ to increase Q factor of the inductor.

[0005] Referring to Fig. 2, performance of a conventional inductor is shown. Line 210 plots
the Q factor as a function of frequency while line 220 plots the inductance as a function of
frequency. As shown, the conventional inductor has a peak Q 215 of about 6.9 at 8.5 GHz and a
peak inductance 225 of 6.3 E-10 at about 12.9 GHz.
[0006] From the foregoing, it is desirable to provide high Q inductors which can be operated
at high frequencies and/or over a broad frequency range.

SUMMARY OF THE INVENTION
[0007] The present invention relates to ICs, more particularly relates to high quality
inductors used in integrated circuits. An integrated circuit and an inductor circuit are disclosed.
In one aspect of the invention, the integrated circuit comprises an inductor circuit. The inductor
circuit includes a primary inductor and a compensation sub-circuit. The compensation sub-
circuit is electrically isolated from the primary inductor and is magnetically coupled with the
primary inductor. Such arrangement is useful to compensate loss in the primary inductor and Q
factor of the inductor circuit is enhanced.
[0008] A method of increasing Q factor of an inductor is presented in another aspect of the
invention. The method includes providing a primary inductor which incurs a loss equal to R;.

The method further includes generating a negative inductance R, by magnetic coupling a



[0009]In another aspect of the invention, an inductor is presented. The inductor includes a substrate
having a dielectric layer. The inductor further includes first, second and third inductors. The first inductor
comprises inner and outer continuous concentric loops which are separated by a first inductor loop
spacing in a festiplanieo htaseogr saauctob-igrinteriezeren Witk thedinstenuctoranddker(X e tarsifinductor
loop spacing in the first plane. The third inductor is disposed in a second plane of the dielectric layer and
stacked with thegpéestes: the first inductor separated by an interlevel inductor spacing. [0010]These and
other objects, along with advantages and features of the present invention herein disclosed, will become

apparent thr(g%(}?]refer]é‘r?é@%&ﬁ%p%FIBWﬁfdla’éggﬂbtﬂiﬁ%ﬁtﬂﬁésé’é%??ﬂ{ffhn};h’?dmlqdﬁ?mermore, it
istob derstood that the fe. fth i [ ibed herein art t mutuall
xcluane and TRt I ATBIS 25 e e AT B N DEer LG BN OF TrE
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DRAWINGS{%pl%J{FigT& hows.a general inguctor%
factor and qula |}[13(/: a<s:'tor; 38%3']% &%rg%m%sasﬁ?&ﬁ actor inductor model in accordance with one

embodiment Qf g JR¥e LA i%lﬂlﬁi&g RS R0 RafRCIPRINALGIAR ST 0 dREREARACE with one
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embodiment of the invention and the A éguivalent of the high Q inductor; [0015]Fig. 5 shows a small
signal equivalgii f &RiGHIGR IAMEEN CiEGuUilinAcEer dpcpvith anaemboimenteithe inveaten;

[0016]Figs. 6-7 show the relationship of effective resistance and inductance with frequency respectively,
of a high Q factispwsdd char decand pradendahwidiceoeie mppodin entckédhatintespdtomn hhdse imdugraphs are
generated from equations. In which, constant pre-compensation effective

separated by an interlevel inductor spacing.

[0010] These and other objects, along with advantages and features of the present invention

herein disclosed, will become apparent through reference to the following description and the

accompanying drawings. Furthermore, it is to be understood that the features of the various

embodiments described herein are not mutually exclusive and can exist in various combinations

and permutations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Fig. 1 shows a general inductor;

[0012] Fig. 2 shows the relationship between loss factor and quality factor;

[0013] Fig. 3 shows a high Q factor inductor model in accordance with one embodiment of

the invention;

[0014] Fig. 4 shows a high Q factor inductor circuit in accordance with one embodiment of

the invention and the AC equivalent of the high Q inductor;

[0015] Fig. 5 shows a small signal equivalent of a high Q inductor circuit in accordance with

one embodiment of the invention;

[0016] Figs. 6-7 show the relationship of effective resistance and inductance with frequency

respectively, of a high Q factor inductor in accordance with one embodiment of the invention.

These two graphs are generated from equations. In which, constant pre-compensation effective
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inductance and resistance are chosen for better visualization on the impacts of the compensation circuit.
[0017]Figs. 8a-c show various relationship among frequency, Q factor, inductance and bias voltage Vbias
of a high Q factor inductor circuit in accordance with one embodiment of the invention; [0018]Fig. 9 shows
a high Q factmduitendit imdceostanc ergwtivgendtivdre genbodainatibothdénupationf 0O tokiensiGoshows the
relationship between Q factor and frequency tuner; [0020]Fig. 11 shows the relationship between peak
frequency fp€BkUsind capacitance of the tuner; [0021]Fig. 12 shows the relationship between inductance
and frequenc P(ri}nductance) tuner at 9 GHz; [0022]Fig. 13 shows a layout of a high Q inductor circuit in
accordance \fé Bne ibotitsht ritsveltior o rsdecdtancy ShBw HhdidtsiRfsdividRIatly in
accordance Witlh on em?oqﬁi e tfof the inventiQn;u[,l0024 Figf. 15a-h show I%g ut of first and second
indUCtOfS and(ﬁgl[ggnd"th? Oal @u(ﬁoractor 1nductor circuit 1n accordance with one em 1ment of the

S
invention;
[0018] Fig. 9 shows a high Q factor circuit in accordance with another embodiment of the
invention;
[0019] Fig. 10 shows the relationship between Q factor and frequency tuner;
[0020] Fig. 11 shows the relationship between peak frequency f,c. and capacitance of the
tuner;
[0021] Fig. 12 shows the relationship between inductance and frequency (inductance) tuner
at 9 GHz;
[0022] Fig. 13 shows a layout of a high Q inductor circuit in accordance with one
embodiment of the invention;
[0023] Figs. 14a-c show inductors individually in accordance with one embodiment of the
invention;
[0024] Figs. 15a-b show layout of first and second inductors and fist and third inductors
respectively in accordance with one embodiment of the invention; and
[0025] Figs. 16a-d show various views of a layout of a high Q inductor in accordance with
one embodiment of the invention;
[0026] Fig. 17 shows a layout for forming a high Q inductor in accordance with yet another
embodiment of the invention;
[0027] Fig. 18 shows a tape out image of a high Q inductor in accordance with one
embodiment of the invention;
[0028] Fig. 19 compares Q enhancement of a high Q inductor and conventional inductor;

[0029] Fig. 20 shows a VCO in accordance with one embodiment of the invention;
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respectively in accordance with one embodiment of the invention; and [0025]Figs. 16a-d show various
views of a layout of a high Q inductor in accordance with one embodiment of the invention; [0026]Fig. 17
shows a layout for forming a high Q inductor in accordance with yet another embodiment of the invention;
[0027]Fig. 19MROWs aliepe2dutbiplagehafecanbign iductorahnacedrdauereywith omegrmbodivent of the
invention; [0028]Fig. 19 compares Q enhancement of a high Q inductor and conventional inductor;
[0029]Fig. 20vthbigh Q VEOimagexdpaan ethvie sndashnisad phestibrapéiivention; 4 and high Q VCO in
accordance with one embodiment of the invention; [0031]Fig. 22 shows a filter in accordance with one
embodiment P invEi%idnS[e0s 2 Bl 3B oSSR PerfaitrdiRe bpldhoRverithal filter with a high
Q filter in acc[%g%me \Méhz%ne embodiment of the invfention'

compares the performance of a conventional filter with a high Q filter in
accordance with one embodiment of the invention;
[0033] Fig. 24 shows an image rejection notch filter in accordance with one embodiment of
the invention; and
[0034] Fig. 25 compares the performance of a conventional notch filter with a high Q notch
filter in accordance with one embodiment of the invention.

DESCRIPTION OF THE INVENTION

[0035] The present invention relates generally to ICs. More particularly, the present
invention relates to high Q inductor designs. In one embodiment, the high Q inductors are used
in various types of circuits, such as voltage controlled oscillators (VCOs), bandpass filters, low
noise amplifiers (LNAs) or LC circuits. Such high Q inductors can also be incorporated in other
types of circuits. The high Q inductor designs are particularly useful for on-chip applications,
facilitating integration of, for example, wireless communication ICs. The inductors can also be
incorporated into other types of ICs. Providing the inductors as discrete components is also
useful. The ICs, for example, are incorporated into wireless communication products.
Incorporating the ICs into other types of products is also useful.
[0036] Fig. 3 shows a high Q inductor model 300 in accordance with one embodiment of the
invention. The high Q inductor model comprises a primary or target inductor 320. The inductor
model includes first and second terminals 310 and 315. For example, when an input voltage Vi,
is applied across the terminals of the primary inductor, a current I;, is generated. As discussed,
the primary inductor incurs a loss caused by Rr. To compensate for the loss, a compensation
circuit 340 is provided. The compensation circuit provides a feedback loop 320 to the primary

inductor which reduces the loss incurred by the target inductor.
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[0033]Fig. 24 shows an image rejection notch filter in accordance with one embodiment of the invention;
and [0034]Fig. 25 compares the performance of a conventional notch filter with a high Q notch filter in
accordance with one embodiment of the invention. DESCRIPTION OF THE INVENTION [0035]The
present invehtiddy Felat®éhgenersilyrtd ieeMor eapatticdiardy; stheppdesent imegntlon:relates to high Q
inductor designs. In one embodiment, the high Q inductors are used in various types of circuits, such as
voltage controlled oscillators (VZ0s¥, Baridpass filters, low noise amplifiers (LNAs) or LC circuits. Such
high Q inductors can also be incorporated in other types of circuits. The high Q inductor designs are
particularly useful for on-chip applic&t%@,l‘f&cﬂitating integration of, for example, wireless communication
ICs. The inductors can Is}(I) be incorporated into Pthert es of |Cs. Providi t§ indumrs as discrete
components 155 GEETTHEETER RS S aFHEIA o RSB BRSPS G Bation products.

Incorporatin th? I%ﬁ 'knt oth?rﬁgge f.Ip oc@gctgi al Use UAJQF%B%& . 3 shows a high Q inductor
model 300 ir%]g%étgr gnoée Wit (t)neaé%% loi%eﬁ% OI} tﬁégi%%nt{l%n. & ig%wbn zci;ne(il}gtloorn model comprises a

primary or target inductor 320. The inductor pjodel includes first and second terminals 310 and 315. For
example, when an input voltage Vin is ppt across the terminals of the primary inductor, a current In, is
generated. As discussed, the primary inductor incurs a loss caused by RT. To compensate for the loss, a

compensatiogireyit 34045 RERYVIGEG. THECAHMRENSAHOR, GU pHik R IdRS AL erRadiIRaR#0R to the
primary inductor which reduces the loss incurred by the target inductor. ZLT = RT XT = RT jwLT As

discussed, thertargatipductar DGuws aifssmwhichraegativehninpactsdhe 1. fagiale Jhsauadty factor QLT
of the target inductor can be represented by the following equation: QLT = CULT RT

the Qpr is increased by reducing Rr. To reduce R, the compensation circuit generates a
negative resistance Rc to reduce Rt. In a preferred embodiment, IRcl is substantially equal to Rr.
For example, [Rcl is equal to at least about 90 — 95% of Rt. Other values of IR¢| can also be
useful to tailor the inductor with the desired quality factor.

[0038] The amount of negative resistance required, which is Rc¢, depends on frequency,
amount of loss Rt to compensate and the quality factor desired Qgesired, as illustrated by the
following:

alLr

Qdesired = ’ and

of
R, =R,—IR.|

Substituting R, into the equation for Qgesireq gives rise to the following:

L
Qdesired = L .
R,—IR. |
Solving for IRl results in:
a
IR, =R, — Ly

desired
For example, at f=10 GHz, Ly= 3 nH, Ry= 10 Ohm and Qesir.a = 500, the above equation

indicates that the IRl or negative resistance is 9.62 Ohm.
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where LT is inductance of the target inductor and RT is parasitic resistance. The compensation circuit
increases the QLT by compensating for the loss incurred due to RT. In one embodiment, the QLT is
increased by reducing RT. To reduce RT, the compensation circuit generates a negative resistance Rc to
reduce RT. Ii083%efertedembadeneai ciRzldssubstantialiy wgualite Ripeiorexanplel pReldssequal to at
least about 90 - 95% of RT. Other values of IRcl can also be useful to tailor the inductor with the desired
quality factorthfozedrtiebamognitisfasaphniey ddfitaind &y dqtipktnewtisls isRbadkeréhdshsn frequency,
amount of loss RT to compensate and the quality factor desired Qde",.,i, as illustrated by the following:
CtiLT QdeszretPensality RufREHP2ENY MPEsJIftFIG eI MR Lefudtoh Rk Bdesrad gives rise

to the following: V\e/iz -iRT.-I I?:t I ggclvir}% ogl %I resu!\t/g }g atT Qden %d F am le %f =10 GHz, LT=3
nH, RT= 10 6%?# S0 S Lok Bl A RS A SRR St §?H’gﬂt ]t‘?‘lre&lfz?éor r@e‘ﬁ% iVe resistance is
9.62 Ohm. produces a transconductance gn,. Mutual coupling between the compensation inductors should
be as small as possible to minimize the power consumption. As mutual coupling between the
compensation inductors increase, power consumption increases. The first and second
compensation inductors form first and second compensation transformers via mutual inductance
with the target inductor.

[0040] For purposes of simplifying the initial analysis, the model assumes that all
components except for the target inductor are ideal, for example, compensation inductors incur
no energy loss, the compensation inductors are perfectly decoupled, and the transconductance gp
is constant over the entire frequency range.

[0041] In operation, the first compensation inductor serves as a sensing inductor. The
sensing inductor samples a signal from the target inductor. Preferably, the signal sensed is a
small signal. The small signal comprises, for example, AC signal such as an AC current or AC
voltage. In one embodiment, the small signal comprises an AC current signal. Typically, the
AC current signal is <1 mA. Other values or types of signals are also useful. VGA amplifies
the sampled small signal and converts the sampled AC voltage. The amplified signal is fed into
the feedback inductor. Through mutual inductance between the feedback inductor and primary
inductor, energy is fed back to the main circuit to compensate for the energy loss by the primary
inductor.

[0042] With the compensation sub-circuit, the effective impedance of target-inductor L,

becomes:

Legt= ijT + (RT - (‘)ZMTaMczT * 8m ).



[0039]In accordance with embodiment of the invention, the compensation circuit provides the feedback by
magnetic coupling, as indicated by dotted line of the feedback path. The compensation, in one
embodiment, comprises first compensation inductor (Let) 350 and second compensation inductor (Le2)
360 coupled Bycacitediabiesgaas aeplidier (XEA)BvOantichprodd c@saditiraiasconQuctaacefgm,. tMutual
coupling between the compensation inductors should be as small as possible to minimize the power
consumptiontegipalstobindseioiing tathiewr thikatompensation inductors increase, power consumption
increases. The first and second compensation inductors form first and second compensation transformers
via mutual inductance with the t&gethnduetdf(0640]Ee6r purposes of simplifying the initial analysis, the
model assumes that all components except for the target inductor are ideal, for example, compensation
inductors incur no energy loss, the edmpadsation inductors are perfectly decoupled, and the
transconductance gn, is constant over the entire frequency range. [0041]In operation, the first
compensation inductor serves aée%,_sef#smg inductowilhe sensing inductor samples a signal from the
target inductor. Preferably, the signal sepsekjs-asmall gignal, The small signal comprises, for example,
AC signal such as an AC current or AC voltage. In one embodiment, the small signal comprises an AC
current signafrdiiEicallylohe A haukerhsipnadsisy<oBramid Ghile mvialuemoidypes ahsignals are also useful.
VGA amplifies the sampled small signal and converts the sampled AC voltage. The amplified signal is fed
into the feedbasicimductorekhnegugtenyutuakemguetatice Retweehdhexfeogdbabk inopetontamdgrimary
inductor, energy is fed back to the main circuit to compensate for the energy loss by the primary inductor.
[0042]With tH&@BhspESAtitt SUtRrsFeliothlyftaetia g pegiineacoptapechining@orlne Beiebises: Zeff LT
(RT C2M TC1IM C2T *g m) The effective series resistance Reff, inductance Leff and Quality factor Qff
seen from thERAHIRER DR IndtittbICE T EhNB AR ST RS RETL FEPIUESNATRIN 2T G Leff = LT; and
coLe"-COLT

c%r%fgeisation inductors. Providing a compensation sub-circuit with other number of inductors
which generate a negative resistance is also useful.

[0043] Fig. 4 shows a high Q inductor circuit 400 in accordance with one embodiment of the
invention. The high Q inductor circuit comprises a primary inductor 420. The primary inductor
is represented by parasitic resistance (R;) 422 and a primary inductor (L;) 424. The primary
inductor circuit includes first and second terminals 410 and 415 between which an input voltage
Vin is applied. Typically, the terminals are coupled to other circuit elements (not shown). The
other circuit elements can be collectively referred to as the main circuit. The input voltage
generates an input current I;, which flows through the primary inductor. The primary inductor
comprises an impedance Zi, which is equal to R; + joL;.

[0044] The high Q inductor circuit also includes a compensation sub-circuit 440. In one
embodiment, the compensation circuit is magnetically coupled to the primary inductor. The
compensation circuit creates a magnetically coupled feedback to compensate for loss in the
primary inductor, which results in increasing the Q factor. In one embodiment, the
compensation circuit produces a negative resistance to compensate for loss in the primary

inductor.



RIfRT (02 M TciM C2T g From Qeff, a lossless inductor can be easily obtained while mutual inductances
and transconductance are properly chosen to result in Reff = 0. For example, the compensation
sub-circuit compensates for energy loss by generating a negative resistance having a value which is
equal to abolf(d3] As tiscussensthenrehatineitesisiance dsige nergtadausim gfivs toada0seoomg
compensation inductors. Providing a compensation sub-circuit with other number of inductors which
generate a nEFaHVe ResiRddppringl e useflhe[0DBBIFiati e SHBwACHI hBRher TeanmEtsRscregR™o0 in
accordance with one embodiment of the invention. The high Q inductor circuit comprises a primary

inductor 420 STHESBHHARAIEGPTED FESE sreynP ATHREInRl T 88rtn ded kA bnaRiBditifary inductor
(Li) 424. The primary inductor circuit includes first.and second inals 410 and 415 between which an
input voltage Via- € AIHAGT AR BT IS8 LSBT 0 DR GRS (et showr).
The other C”&HA‘&'{-‘IE&%%? %84 9% 894'%%%‘6‘3%5 fened 1@ c%sﬁltpﬁs'?ﬂ%ﬂ GGMI: Ihe.Input valiage generates
an input current In'which flows through the primary inductor. The primary inductor comprises an

impedance 4, Which 15 £AERLIBAR Lotk PRAGHIS NED L A BIRA SRR SR INEIHAES R

compensation sub-circuit 440. In one embodiment, the compensation circuit is magnetically coupled to
the primary iRgretereTHeucMPE HRAINRLEHGUE CEeRIaR & MagsRiaa iN-GRURRd fegdhackdaigompensate
for loss in the primary inductor, which results in increasing the Q factor. In one embodiment, the
compensatiomsefttuit produces a negative resistance to compensate for loss in the primary inductor.
[0045]The compensation sub-circuit comprises a first compensation inductor 450 having first and second
terminals 45200#01T he SovfiFeddatiarimubteinseinflucthesccomppisesladseceplthg dm pevisatiopcimductor 460
with first and second terminals 462a-b. Like the primary inductor, the second inductors are represented by
resistances (RMBFIFDNABIEAE-4800aAaTHIAERSES (ho WHA EQPREE R Huss a8 EkiBd8inent, the
first compensation inductor serves as a sensing inductor and the second compensation inductor serves
as a feedbackESRBYEBPIBITIdHE StAerRERb & BiA ol fRsse RaHBEH s SR & %Lircuit to generate
the negative resistanc? is also &Jseful. Q%f{lf(iﬂeA VGA 470 harqf\ﬂg n? anscon ugtance %n,\'}%p\rovided,

[ t
coupling the firsthand second ¢ o%%glﬁéatlon INAuC oornsq noone eS b(glclifr’ﬁ%ﬁ{? ReVSA cgmprises a

transistor haying, first and SECORSK IR T i and 1?089BFRJ(JSMB)@%%Z&M%R&%Wime”t’ the

transistor comprises, for example, a metal oxide semiconductor (MOS). In one embodiment, the VGA

comprises a prtyRENVRSOM QRN BResiSHE JFhaRadrohiie MO Siransisiaisgieuwrdeds Rroviding the

VGA with other types of transistors may also be useful. For example, the VGA can be a bipolar junction
transistor (BEh). s theiptypgaetiMGAsweiBINISelthkriraiexamples programsnabl eaigikampmplifiers can
also be used. [0047]In one embodiment, the second terminal of the first compensation inductor is coupled
to the controbtegminalabfet i aGAnPifefsradn ydhbesesednd terminal of the first compensation inductor is
directly connected to the control terminal of the VGA. The control terminal, for example, is the gate
terminal of tH@@fdhsistbr oThentipaditaentinbe sfcrns ssovmd ebipnsesivncirdietoniticiouisleertdedn
operating voltage (Vdd) 424 of the compensation sub-circuit while the second terminal is coupled to a
second termiitdnef RE N ssminHotitg ¥adin Arefrtrkiv Basreristadny grovfidsicomspradiptimary
inductor andﬂ,gqu?[ compensa}tion inductor forms a first transf ith mutual inductan?%e M12. Likewise,

rmer
the primary ifSUEIST S Y SEeSHAES I @n@&‘f&?ﬂ“iﬂ%%?%??ﬁ% SN A PRSP FLtual

inductance Ng)g(gfrhple, is the gate terminal of the transistor. The first terminal of the second compensation

inductor is coupled to an operating voltage (Vaa) 424 of the compensation sub-circuit while the
second terminal is coupled to a second terminal of the VGA. The first terminal of the VGA is
coupled to ground.

[0048] The primary inductor and first compensation inductor forms a first transformer with
mutual inductance Mj,. Likewise, the primary inductor and second compensation inductor form

a second transformer with mutual inductance Ms;.
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[0049]When Vin is applied between the terminals of the primary inductor, an AC current lin is generated.
This current is sensed by sensing inductor due to the mutual inductance M12 with the primary inductor.
This sampled signal is amplified by the VGA and fed to the feedback inductor. The mutual inductance
M31 betweeh0dFeedBéceh Vid ircipplanicbpriear shinduotoal e ré ae panieadbdekornao meCarmbadiment, the
feedback generates a negative resistance (Re) to compensate for the energy loss in the primary inductor.
The negativey&sistalide hiRaEenGoRMeMy smnDOS0Tes gty tisefitgrbinduseésadlcomibensation
inductors in a different configuration can also be useful to provide loss comgsnsation to the primary

inductor. In dRBIEPENIGEGRENT R sapBladtenpiseaalifag S thandidatnEsH pethsd ardbistor
applications, the functjons of the first and second compensatiop inductors are reversed. That is, the
cobonl com G T S OEAPHE e BHGT P T AN thE 128 COMB HERH luctor
provides the feedback far ensating the logss of.the primary inductor. [0051]in one diment, gm of
the VoA cant b B e R Ve SRS, o e

negative resigignea afis GRMRFESAHTSHOFHIRMY gL e duRedite e desired value. This in turn,

enables the tuning of the amount of Q enhancement or amount of compensation to control the Q factor of
the inductor. The gm can ﬁg;ur_lqglz,ﬂjp epesembodiment, by varying the gate to source voltage Vgs of the
VGA transistor. The gate to source vbzlta3g‘e gs is equal to Vg - V. To change Vgs, either Vg or Vs or both

can be changggkop 0”60%3}&%1&??6‘?%& %Q@%&‘%ﬂ%ﬁ@d&%’ﬁ‘cﬁ}%%ﬁ% ﬁﬁ?ié?&%‘. é’&l?trg%?r‘eﬁf%'hti?a?f‘”iques of

changing Vgs are also us las voltage typically comprises a DC voltage. Forexample, the bias

voltage is abgut B8, \or PtBSH¥AlIIaSSBARAREHIS M SEREHTING Q5 PRIAMBIEr S Ss AStransistor size

and desired gm. An automatic gain control loop can be used to control the bias voltage. In one
embodiment e Yhmjsilsdndireptyrealinted rortbeypentiatitesmipsiatitie, e Auviadhedfitgt termninal of the
sensing inductor. [0052]As described, the compensation sub-circuit is electrically isolated from primary
inductor. Foraerantplel ¢theiasiig ofidhamaire cireuitdo Whickh, the gdondryoinpiistovisicdnnected and the
biasing of the compensation sub-circuit are independent. As such, there is no constraints on circuit
topography ckthies aseiie eiesiitg wiickofaoiithedfigrectapdssaligm fleddpititprfooB s g eslbhdinfera small signal
equivalent of the high Q inductor circuit of Fig. 4. The high Q inductor can be represented by individual
inductor blockURTESAUEE T djIsH dhe dHeneRe IBAYREYy inductor (Li), first compensation inductor (L2) and
second com % ation jnductor (L3). The loss factors associated,wi@h the inductoprar%@ modeled as a first
, |

resistor (RI) 42214 sedBRAGEDRLSITEY) s da S thirdh Rsritsialsy e ded s S ESmpensation
inductors h?“é%l@heég [ﬁ%\l/[%%%?g%ciﬁ% XA%anH 2102540 SrPlainzdhe symbe's of fhe small
signal circuit in Fig. S. Ta

Rcl can be tuned to the desired value. This in turn, enables the tuning of the amount of Q

enhancement or amount of compensation to control the Q factor of the inductor. The g, can be

tuned, in one embodiment, by varying the gate to source voltage Vg of the VGA transistor. The

gate to source voltage Vg is equal to Vy- V. To change Vg, either V,or V or both can be

changed. In one embodiment, a bias voltage 428 is employed to change V. Other techniques

of changing Vare also useful. The bias voltage typically comprises a DC voltage. For

example, the bias voltage is about 0.6 V. Other values can also be useful, depending on

parameters such as transistor size and desired g,. An automatic gain control loop can be used to

control the bias voltage. In one embodiment, the Vy;y is indirectly coupled to the control

terminal of the VGA via the first terminal of the sensing inductor.
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Li, L2 and L3 inductance of inductor 1, inductor 2 and inductor 3 respectively RIl, R2 and R3 parasitic
resistance of inductor 1, inductor 2 and inductor 3 *1\412=1\421 mutual inductance between inductor 1
and inductor 2 *M32=M23 mutual inductance between inductor 2 and inductor 3 *M31=1\413 mutual
inductance bE¥%@én indeidtorribetdhie duoien@ugn srdrscondy elesiceadlfy thel @pdgdlificagronaansistor 11, i2,
i3 Inductors' currents

inductor. For example, the biasing of the main circuit to which the primary inductor is

connected and the biasing of the compensation sub-circuit are independent. As such, there is no

constraints on circuit topography of the main circuit, which facilitate greater design flexibility.

[0053] Fig. 5 shows a small signal equivalent of the high Q inductor circuit of Fig. 4. The

high Q inductor can be represented by individual inductor blocks 401 a-c corresponding to the

primary inductor (L;), first compensation inductor (L.;) and second compensation inductor (L3).

The loss factors associated with the inductors are modeled as a first resistor (Ry) 422, a second

resistor (R;) 452 and a third resistor (R3) 462. The primary and compensation inductors have

inherent impedances Xy 1, X2 and Xps.

[0054] Table 1 explains the symbols of the small signal circuit in Fig. 5.

Table 1
Li, L, and L3 inductance of inductor 1, inductor 2 and inductor 3 respectively
Ri, Ry and R;3 parasitic resistance of inductor 1, inductor 2 and inductor 3
*M1,=Mp; mutual inductance between inductor 1 and inductor 2
*M3,=Mp3 mutual inductance between inductor 2 and inductor 3
*M31=Mi3 mutual inductance between inductor 1 and inductor 3
gm transconductance of the amplification transistor
11, 12, 13 Inductors’ currents

[0055] Although our analysis assumes that the transformer have symmetric properties to
simplify the analysis, it is also applicable for asymmetric transformers. To simplify the analysis,
the effect of gate to drain capacitance Cyq of the amplification transistor is ignored. Since there
are three inductors in the circuit, 3 transformers are formed by their mutual inductances. The
coupling effects can be represented by controlled voltage sources. In one embodiment, a first

voltage source 588 is produced by sM3;*i3 in the primary inductor block. Second and third
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[0055]Although our analysis assumes that the transformer have symmetric properties to simplify the
analysis, it is also applicable for asymmetric transformers. To simplify the analysis, the effect of gate to
drain capacitance Co of the amplification transistor is ignored. Since there are three inductors in the
circuit, 3 transfbngrersuars fdned B3P tiveiprodueeal by divbténcesl SMe*conplingeedietisdoatiidadpresented
by controlled voltage sources. In one embodiment, a first voltage source 588 is produced by sM3i*i3 in
the primary ifdiaerdh Brbere SeeemtpPamtpiefEcafonatd sturedke A58ldpdnagmo tieeko rddaded bynsh, 432*ii and
sM32*i3 in the second inductor block. A fourth voltage source 468 is produced by sMin the third inductor
block. As a niaté NEHE FOMBYIFGiENE! A8hisalsd PO 3EcaHTPSS fﬂé%ﬁ’tgéézé%ﬁ 2ANHECEd by i2 (e.g.,
sM23*i2 and 32*i2% are igén red. In the éec(%nd int%uctor block, theI‘re is a V(ﬁta e dro%V% across the
éj)s 18 ¢ 't

gate to source CApAAaRIEYs 4 7 AsrPaSpaTsion 1 the tFERSiges? Sig?/@%? BT AE iH fhuctor

block, & cUrenl SOUIRE.AOR IS raskeRA Y A By ORI PORYERG e il h R derved as

follows: X cgs V =x(SM gs X c M12 X gs where W -

block, a current source 469 is produced by gn* V.

[0056] In analyzing the circuit, Vg can be derived as follows:

V - X s x(st*i +sM32*i3)=W*(SM2*i —sM32*i3)
8s XCgs + XL2 +R2 : : 1 1
X
where W = —

XCgs + XL2 + RZ .
The effective impedance of the high Q inductor can be derived as follows:

SMIZ *gm *W
1+sM,, *g, *W

Zeﬂl = (X, +tR)+s*M; X

. (1-0’L,C,)-s(R,C,,, +2,M.,)
" (1 - a)szCgs)z + a)2 (RZCgS + gmM32)

= (SL+R)+5’M, *M,,*

5 -

From the effective impedance, the effective resistance and effective inductance can be derived as

follows:

(1-0°L,C,)
(1-@*L,C,)* +@*(R,C,, + g, M., )

Reﬁ‘le _w2M31 M, *g,

(RZCCgs + gmM32)
(- szzcgs ) + @’ (RZCgs +8,M;, )2

Leﬁle +a)2M31 M, *g,

12



X cgs + XL2 +R2 The effective impedance of the high Q inductor can be derived as follows:
L2C gs) - s(R2C cgs + g M 32) = (sLi + R,)+ s2 M 3, *M12 * g (1- (02 L2C ffe)2 + (02 (R2C gs +

g",A132)2

[0057] In an ideal case, the gate capacitance of the amplification transistor Cg is small
enough such that Xcg>>Xi2, which completely decouples L, from L3 (i.e., M3»=0). In doing so,

the following occurs:

X
@’L,C,,=—'~ =0and g,M,,=0

Cgs

This would result in:

Re=R, — w2M12M31 *g

Ley=Ly; and

Qefi= wLeff = oL,

Rqﬁ‘ R, _a)zMTClMCZTgm

In practice, completely decoupling L, and L3 is virtually impossible. Typically, L, and L3 can be
configured to have a weak coupling. For example, the coupling factor of L, and L3 can be
configured to be about 0.2. Although not completely decoupled, such a weak coupling can
achieve the benefits of the invention, incurring a slight increase in power consumption and slight
change in effective inductance. Furthermore, changing of the effective inductance can be
advantageous, for example, for designing inductors with high inductance per unit area or to
precisely control inductance to compensate the deviation from the desired value due to process
tolerance.

[0058] Fig. 6 shows the theoretical effective resistance of the high Q inductor in accordance
with one embodiment of the invention. Line 586 plots the effective resistance as a function of
frequency. The effective resistance at 1 GHz is about 4 and decreases to about O at about 8 GHz.
Beyond 8 GHz, the effective resistance increases. The effective resistance at 9 GHz is equal to
about the effective resistance at 1 GHz. Low effective resistance corresponds to a high Q factor.
The frequency at which the lowest effective resistance value occurs corresponds to the peak Q
frequency. The effective resistance plot of Fig. 6 evidences that the Q enhancement of the

present invention can be effective over a broad frequency range.

13
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From the effective impedance, the effective resistance and effective inductance can be derived as follows:
(R2C"ge +gM ) Leff=L,+coMs*M2*g 2m. (1- (O2 L2C gs)2 + CO2 (R2C gs + g M ,)2 [0057]In an
ideal case, the gate capacitance of the amplification transistor Cgs is small enough such that Xcgs>>XL2,
which complé859Hecdtiplésh@viy dm th8ofeecaMB2ctD) Inddoingesof tirehigh Qvimipgocursr©@20@Cg3 =
XL20 and g M ,=0 X cgs This would result in: Re= R, -gm; Leff =Li; and coL

with one embodiment of the invention. Line 587 plots the effective inductance as a function of

frequency. The inductance increases with increasing frequency. By increasing the effective

inductance, the Q factor can also be increased.

[0060] The bias voltage can impact the effective inductance of the high Q inductor circuit. A

simulation is performed with the primary inductor having an inductance 0.51 nH. The

simulation varies the bias voltage of the inductor from about 0.27 V to 0.66 V at a frequency of 7

GHz. The result of the simulation is plotted as line 585 in Fig. 8a. As shown, the effective

inductance decreases as Vi, is increased. For example, the effective inductance is equal to

about 1.03 x 10” H at a bias voltage of 0.27V and decreases to about 6.05x 10 H at a bias

voltage of about 0.645 V. The inductance tunability can be determined using the following

equation:

Ly—L 1.03-0.51
L 0.51

=102%

where L. is the highest effective inductance; and

L, is the inductance of the primary inductor.
From the above equation, the effective inductance of the high Q inductor can be tuned to about
102% of the inductance of the primary inductor. As such, the bias voltage can be used to
effectively control the inductance of the inductor circuit. For example, a change of biasing
voltage of 1 mV can result in approximately 1 pH change.
[0061] Fig. 8b shows the effective inductance of the high Q inductor circuit as a function of
frequency at different values of Vpias. As shown, the effective inductance varies with frequency.
However, within a specific frequency, the effective inductance can be tuned by adjusting V.
With increasing Vi, the effective inductance decreases.
[0062] The Q factor can be varied at the frequency response of the inductor by adjusting bias

voltage of the compensation circuit. Fig. 8c shows a graph of a high Q inductor which has its Q
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COLT Qefr-- ReffR, - In practice, completely decoupling L2 and L3 is virtually impossible. Typically, L2
and L3 can be configured to have a weak coupling. For example, the coupling factor of L2 and L3 can be
configured to be about 0.2. Although not completely decoupled, such a weak coupling can achieve the
benefits of thdmwention pjnaljnsrigeabslighs inteasy in poltehgdnQundption land plighQchdarge in effective
inductance. Furthermore, changing of the effective inductance can be advantageous, for example, for
designing indtrsterrciith 1Righ Hducedprerd pe puiik Bedaltatssredisely Borthanghtu¥tandectQ tolspensate

the deviation from the desired value due to process tolerance. [0058]Fig. 6 shows the theoretical effective

resistance of fRePRRgUeseHh USRS EL dordlans SHmRFrd tHRBBENYemt B eI BN INEHE586 plots the
effective resistance as.a function of frequency. The effective resistance at 1 GHz.is about 4 and
ecrenses LB T0TLE Ao ECH) T B o T o YL P RN R A The effectve
resistance at 9 GHz i a out the.effectiv istance at (ﬁ?ﬁ ow-effective resistance
corresponds(:E)éa?a{llﬁllegjr?%@;%:bgﬁq‘%eg?%d(mgﬁéﬁ%t?\'/arrﬁﬁzt n§ Ilcs)v%éjgt e eétlf\(/)g?%sgqggl{ce value occurs

corresponds [%H%E PeRK Q) RANENRYon OEnRHEGHYR RS RIGNCR RIRLOLE 0P Y ICRRGEMIARbHIRQ

enhancement of the present invention can be effective over a broad frequency range. with one

embodiment gf¢hgdnventiannlinpaBloploisthe elipctiva tofkitance asikfub atignQteauensy. The
inductance increases with increasing frequency. By increasing the effective inductance, the Q factor can

also be increasadofe@adidiadiiasvoliage chieinpdeide efiespresdndigianceeakifheddight@daductor
circuit. A simulation is performed with the primary inductor having an inductance 0.51 nH. The simulation
varies the bias tholtagiecdftbméndution.fronviabobe Oi27iNs teper88 ¥/ feadirerudheyrof e GHmFhe result of
the simulation is plotted as line 585 in Fig. 8a. As shown, the effective inductance decreases as Vbias is
increased. F87 gieapleingrsnefriedi e aibr eearneasisier s torabbut 1.03 x 10 9 H at a bias voltage of

0.27V and decreases to about 6.05x 10 9 H at a bias voltage of about 0.645 V. The inductance tunability
can be deterMf8Y usifyOiife R e G AtR: 1t sprpiedipie ¥&A- 1§99 o BRI HHRRE Leff is the

highest effective lndyctance: 204 5d05,Ie Induiance of the RIMARY IndUCtOr: .« which the
negative resistance generated by the compensation circuit is maximized. A maximum negative
resistance corresponds to minimum effective resistance which leads to maximum Q. As such,
the frequency at which the peak Q occurs (f,eak) can be adjusted to the desired frequency by the
tuner.
[0065] The tuner, for example, comprises a capacitor (Cune). The capacitance is selected to
produce the desired frequency response of the VGA. Other types of tuning components or tuners
which can provide the desired capacitance to change the g, of the VGA are also useful. For
example, the frequency tuner can comprise a varactor. The capacitance of the varactor can be
changed by adjusting its bias voltage. The tuner comprises first and second terminals 532a-b.
One terminal is coupled to the control terminal of the VGA and the other is coupled to the
second terminal of the VGA. The tuner comprises an inherent impedance Xc;.
[0066] By including the tuner, the effective impedance (Z.f2) of the circuit is defined as

follows:

15



From the above equation, the effective inductance of the high Q inductor can be tuned to about 102% of
the inductance of the primary inductor. As such, the bias voltage can be used to effectively control the
inductance of the inductor circuit. For example, a change of biasing voltage of 1 mV can result in
approximately 1 pH change. [O:0§1]Eri : §g@hov\mheEeffective inductance of the high Q inductor circuit as
a function of frequency at different'valies 0 3\75'@& A shown, the effective inductance varies with
frequency. However, within a specific frequency, the effective inductance can be tuned by adjusting Vb.,.
With increasiwbeXbias, the effective inductance decreases. [0062]The Q factor can be varied at the
frequency response of the inducfar by adjusting bia&,voltage of the compensation circuit. Fig. 8c shows a
graph of a high Q inductor which has its, @RfactoXyaried by adjusting the bias voltage (Vb,"). The high Q
inductor has a peak Q value at a frquency olf 12.451Cj-!z, referr?d to as the peak frequency (fink). By

changing Vb,", the Q value can Be f%g%eﬂaerq?sired(bnvek%r example, increasing Vb," increases
Q of the inductor. Based on Fig. 8c; tle high' Q ihductor of the présent invention has a high bandwidth.
For example, for Q> 100, the bandwitiflris >*4'5 GHz and is >400 MHz for Q> 1000. [0063]Fig. 9 shows a
high Q inductor circuit 500 in accordant&witf ene embodiment of the invention. The high Q inductor
circuit, except for a tuner 530, is]§=iq1jrla?ﬁto4ﬂ1?at’ described in Fig. 4. In one embodiment, the tuner enables
the frequency response or fpeak to be adjysted or tuned to the desired frequency (fd"), which is the
circuit's operating frequency. The frgquency tuner, as shown, is incorporated into the compensation
sub-circuit. [0064]In one embodifTept, uner is coupled to the VGA. The tuner, for example, changes
the frequency response of gm, which;, in turn, controls the frequency at which the negative resistance
generated byrﬂ?d%ﬁ@@ﬁ@&@éi% %EBH&%ESC%%%&?%cﬁWimum negative resistance corresponds to
minimum effective resistance which leads to maximum Q. As such, the frequency at which the peak Q
occurs (fink) can be qubﬁlﬁé}é%@QH‘?éﬁ'@d frequency by the tuner. [0065]The tuner, for example,
comprises a capacitor (Chine). The capacitance is selected to produce the desired frequency response of
the VGA. Other types gf(gqre'mg gomponents or tuners which can provide the desired capacitance to
change the gm, of the VGA are also useful. For example, the frequency tuner can comprise a varactor.
The capacitapgbe#gglt{@ Yaasiey canvbeurh@nosdilly RAiustinehitsiRiae yepagead hetitney. cpraprises first
and second terminals 532a-b. One terminal is coupled to the control terminal of the VGA and the other is
coupled to the:secomehteininah ot thecsrated Thanturareomprisgs @ndagrend fonpedance X. [0066]By
including the tuner, the effective impedance (Zeff2) of the circuit is defined as follows:
in(hnzfﬁz):(y
g & ReZ,,

This assumes that no over compensation occurs, that is R; > R¢, and frequency is below self
resonant frequency of the inductor.

[0067] Fig. 10 shows the shifting of f,..x based on the frequency tuner. A simulation is
performed on the high Q inductor circuit. The simulation measures the Q factor as a function of
frequency at a given tuning capacitance. Twelve simulations were performed with the tuner
having different capacitances. Six simulations were performed starting with a tuner capacitance
at 0 fF with 50 fF increments. These results are plotted as lines 590a-f. Six additional
simulations were performed stating a tuner capacitance at 400 fF with 100 fF increments. These
results are plotted as lines 590g-1. As shown, fjc.x is indirectly related to the capacitance of the

tuner. That is, with increasing capacitance, fe.x decreases. The maximum frequency at which
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BC-E Z2= X2,+R,+sM"x eff where A= sM" X22+ R, X" +R2Xc 1 11 B=++ _X,,, X"+ R2 X.c., _c_sM12
sM" X"+R2 X"'D=1+ X"+ R'and X,,’ 1 E=x sM",

fpeak OCcurs is when no tuner circuit is used. This is confirmed by Fig. 11, which plots fpe as a
function of capacitance of the tuner shown as line 592. With increasing capacitance, fyeak
decreases.

[0068] The capacitance of the tuner can also affect the inductance of the high Q inductor
circuit. Fig. 12 plots the effective inductance of the circuit as a function of capacitance shown as
line 594, with the inductance of the primary inductor being 0.51 nH. From Fig. 12, the effective
inductance increases with increasing capacitance of the tuner. The inductance tunability can be

determined using the following equation:

Ly—-L 46-051
L, 0.51

=800%

where L. is the highest effective inductance; and

L, is the inductance of the primary inductor.
From the above equation, the effective inductance of the high Q inductor can be tuned to about
800% of the inductance of the primary inductor.
[0069] The ability to significantly increase the effective inductance can provide numerous
advantages. For example, high inductance can be achieved using smaller inductors, which
reduces over-all chip size and costs. In addition, the ability to precisely control the inductance of
the inductor, inductance compensation can be performed to accommodate deviations due to
process variations. This is particularly useful for applications requiring high frequency
selectivity. Furthermore, tunable inductors can be used along with tunable capacitors to improve
the tuning range of L.C circuits. Such inductors can also be employed in, for example, LC
circuits.
[0070] Fig. 13 shows an on-chip high Q inductor circuit layout 700 in accordance with one
embodiment of the invention. The inductor circuit comprises first (primary), second (sensing)

and third (feedback) inductors 720, 750 and 760, corresponding to the primary, first and second

17



X,, The desired frequency response can be obtained from: s =it!) where (0 = 2rtf, and fies = (0/ (270 in
Zeff 2, The peak Q frequency can be tuned to match the fdes or the circuit's operating frequency. The
peak Q frequency can be determined from the effective impedance Zeff 2 as follows: CY.cY. Re Z2 This
assumes thatemperstticonnderisetigitogrdurs, tHatisridly, Re, iadd fre guencyoisisiswsaelfagsehant
frequency of the inductor. [0067]Fig. 10 shows the shifting of fpeak based on the frequency tuner. A
simulation is Peporddrasametiighapeivacler eseduit. Thsdnsinsinasioeinie Asica theaef@idr as a function
of frequency at a given tuning capacitance. Twelve simulations were performed with the tuner having

different cap4iGtefitie L ySho ¥ ARG VI R A O HARYSERsHIG MRt Wine P d¥eRie at 0 fF with 50 fF

increments. These results are %%tteéqfas.li es 590a-f. Six addifional imulations were performed stating a
tuner capaciARCR AP 4B YT S0 1 JHAFee RS TRES S HS % FIGRLH SRS Kood . As shown,
fink is indirec gglgggggecgl e} ég% C%Q%?ﬁgarégse. no[ tg\ uner. That is, with increasing capacitance, fpeak
decreases. The maximum fregquency at thucR ink occurs is when no tuner circuit is used. This is

confirmed by gy L1, whigh RISSJiRK RS HACHRN O GRPAGIABRS.AS TheURes Shawmhamline 592. With

increasing capacitance, fink decreases. [0068]The capacitance of the tuner can also affect the inductance

of the high Qiiadetetas ciserit with e piatmtiesifaativr dopivcianee: ahthe @hauitasta-{wrsdiaRof
capacitance shown as line 594, with the inductance of the primary inductor being 0.51 nH. From Fig. 12,

the effective indlitciance: phicretases Witlfinexempiagabapariance. dfttakitigniks fiFhandduiedandectomability can

be determined using the following equation: Leff - L, 4.6-0.51
produces a high coupling factor k;3, for example, > 0.9. Furthermore, the second and third
inductors have a low coupling factor kj3, for example, < 0.2. The moderate mutual coupling
between the first and second inductors and low mutual coupling between the second and third
inductors improve the linearity or dynamic range of the high Q inductor. The high coupling
factor between the first and third inductors facilitates lower power consumption for generating
the negative resistance for compensation.
[0072] Figs. 14a-c shows first, second and third inductors in accordance with one
embodiment of invention. Referring to Fig. 14a, a first or primary inductor 720. The primary
inductor is formed on a primary plane of a dielectric layer. The first inductor comprises metal
trace forming first and second continuous concentric loops 723 and 725. The loops comprise the
geometric shape of the inductor circuit. The loops are separated by an interloop spacing 728.
Preferably, the spacing is constant in width.
[0073] In one embodiment, the outer loop comprises first and second segments 723a-b. The
first and second segments are preferably about the same length. Forming first and second
segments having unequal lengths are also useful. The inner loop comprises first and second end,
forming an open loop. First and second terminals 722a-b of the first inductor are coupled to first

ends of the outer segments The second ends of the outer inductor segments are coupled to first

and second ends of the inner loop via a cross-over coupling 721. The first ends are located on a
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-800% L,0.51 where Leff is the highest effective inductance; and L1 is the inductance of the primary
inductor. From the above equation, the effective inductance of the high Q inductor can be tuned to about
800% of the inductance of the primary inductor. [0069]The ability to significantly increase the effective
inductance cérsfyrovide aiumendus@dvantagbde Bersexarnh phds highoratidotancecad patashieved using
smaller inductors, which reduces over-all chip size and costs. In addition, the ability to precisely control
the inductandeeéirahdyitbibieh aiddaetan pertom peharivHceeT s peribeiddctorsdcgihmodate deviations
due to process variations. This is particularly useful for applications requiring high frequency selectivity.
Furthermore| Qﬂmﬂble imBTEIBTS V4 ‘HEIRJ %Sﬁ@mﬂﬂlﬁm%‘@%%&(ﬂgfg% MapFlehhdislitiAg range of

LC circuits. a[;nductors an also b rf ed in, f reﬁ< Ie LC cm}:#%lts 0070 ﬁg 13 shows an
on-chip high fArm QiR TAY Bt e QoTEARRE Wi Sie Qs SURHBR P & i 2htion. The

inductor circuif comprises first (orimary), second (sensing) and Ehlrlsl Igiibai: nductars 720, 750 and
760, correspg g%g to the rrllr%la ?rst angﬁgrenégl r 1rcorﬁpeernsa lon mdu tgr rwl%oléll 4or Sarlgreferably
the inductor girgHilLERMRHSESHRN octagonal shape. Other geometric shapes are also useful The inductor

circuit is typically formed on a dielectric layer over a substrate, such as a silicon substrate (not shown).

Other types ph@ristrategarm als Figselul. alleodicisgitielaserns iaoaranmplaccankeamneasal layers in an IC.
The dielectric can be any metal layers in the IC. [0071]In one embodiment, the first and second inductors

are interleaveonwhidestivedinind dopltetarg $istackied it dinds filstsndudcianddterteavingiheafidsT #@2bd second
inductors produces a moderate coupling factor k12, for example, about 0.6 - 0.8. Stacking the first and
third inductor grosieoed mdighrowe phiviglddttdirk k@ dfmcexdmghehe. Schudtindnatorel b éiseewhd and third
inductors have a low coupling factor k23, for example, <0.2. The moderate mutual coupling between the
first and secOfEPTRREEHES AR\ hILEFANE RGBTty D EINSR- the G BRRPAE thiFBRiPRIGELbrS improve the
linearity or dynamic range of the high Q inductor. The high coupling factor between the first and third

inductors fadﬂflgfégrlﬁ\ﬁéﬁpﬂ%&ﬁ@&fhgﬁﬁﬁ%ﬁ 38 guiheiihydHE e damve FRORILATY- 1OF sesRbEnsation.
[0072]Figs. %gugt(s)plosws ?{g&fe%etoqqq)v a}ﬂ Iilgwd |nduc ors in ﬁcordance1 with

con e spacmg etween the outer and inner ?oops and in the same
plane of the first inductor, as shown in Fig. 15a. Preferably, the terminals of the second inductor
are located at a portion of the inductor circuit which corresponds to the cross-over coupling of
the first inductor. The second inductor is inductively coupled to the inner and outer loops of the
first inductor in the same plane.
[0076] Fig. 14c shows a third inductor 760. In one embodiment, the third inductor is
essentially the same as the first inductor. The first and third inductors are stacked on different
planes, with cross-over couplings 761 and terminals 762a and 762b at opposite portions of the
inductor circuit, as shown in Fig. 15b. The third inductor, similar to the first inductor, also
comprises metal trace forming first and second continuous concentric loops 763 and 765. The
first and third inductors have mutual coupling on different planes.
[0077] Figs. 16a-d show various views of a high Q inductor circuit layout in accordance with
one embodiment, of the invention. The first and second inductors 720 and 750 are interleaved
on the same plane while the first and third inductors are stacked on different planes. This

configuration produces a moderate coupling between the first and second inductors, a high
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embodiment of invention. Referring to Fig. 14a, a first or primary inductor 720. The primary inductor is
formed on a primary plane of a dielectric layer. The first inductor comprises metal trace forming first and
second continuous concentric loops 723 and 725. The loops comprise the geometric shape of the
inductor circuitnjilive: lospscartsEparatedhioy iaduirteslaapadpacingp 28 b&tvafar dislpethedspeainglis constant
in width. [0073]In one embodiment, the outer loop comprises first and second segments 723a-b. The first
and second segjieiersrarehgraieraiig Vet GOnTHaR Hh ankd HERR Yo FngAE et tha dYseebn gy phéits having
unequal lengths are also useful. The inner loop comprises first and second end, forming an open loop.
First and secH8t RIS 722a-b of the first inductor are coupled to first ends of the outer segments The

second ends outer inductor s ents are couple first and second ends of the inner loop via a
cross.over oG 7ITETHe A SO TR (S AR A <Y BBATCRCSRORS R AIcREE e the
S e RS A A aGEeN AR ol Lelstabli el A1 aBeRAF Roflions A opnoste
portions of the inductor circuit. 7 ﬁlhe cross-over couplang for example, 1s provided on a different plane
of the dielectyjc, iayanther999s AlARAMRLHEICTs Tk SXAMRIE, LBRLTIASSHAYATPaRANg g Rrovided on
a plane below the primary inductor. Forming the cross-over coupling in a plane above the primary
inductor is algniusedun{OQTBIReIENING tosFignlidh. & srReandiinguscten iR is sboxawilinergecond inductor
comprises an open loop having first and second ends. First and second terminals 752a and 752b of the
second inductanadeccaimplied toufist andfsecendirdds of tihidectwad baduatdicibhecirsTanstsaebnd ends
are located on a second portion of the loop. In one embodiment, the second inductor is disposed within
the same plateerasatied tiwsthind ustertomn ora@ediodineenatitihe wdegndVindyetor Asteanfiglred to fit within the
spacing between the outer and inner loops and in the same plane of the first inductor, as shown in Fig.
15a. PreferaSyPiRe temvsitalle spiie surbsaondiserindreidbatédat a portion of the inductor circuit which
corresponds to the cross-over coupling of the first inductor. The second inductor is inductively coupled to
the inner and W 10038 IPERONE HSERGREBPIRTALISH Rendraiy SorrrefEm 29PERRAGWER M1Fd inductor

760. In one empodiment, e fhird inductor i esseniiall the same.ag e fret Inductor, the fist and third
inductors are Stacked on H‘Feren p?ahes, with ¢ross-6ve coup mgsn?%ri &hd terhinale’7628 and 762D at

opposite por?&%ﬁ?@??ﬁdi&%%@@35%&45%@5&9%%%&@%@% IR s dhe dhird, inglvgter, similapfo the first

inductor, also comprises metal trace forming first and second continuous concentric loops 763 and 765.

The first and thifchindeatersdagysa mutidal:coLptingdan slifferend RIRes {80Hi¢iRigs, 16@+5show various
views of a high Q inductor circuit layout in accordance with one embodiment, of the invention. The first

and second iReuatarst fedsamnah g Sebaceintedapradoanstienggnevwanaswbilgidheofivgtand third inductors
are stacked on different planes. This configuration produces a moderate coupling between the first and
second inductausisaihvwglicictuplsnbebétiemnl tidesfirsttanditisirchinctuctdrean dads |checouplisig between the
second and third inductors, which reduces power consumption and improves linearity or the dynamic
range of the i@l ikdaerbed to the second terminal of the sensing inductor. The first terminal is coupled

to a third pad which is coupled to ground. The second terminal is coupled to the first terminal of

the feedback inductor. A tuning capacitor is provided between the control and second terminals

of the VGA.

[0080] A simulation was conducted to compare the Q factors of a conventional inductor with

that of a high Q inductor in accordance with one embodiment of the invention as a function of

frequency. Fig. 19 plots the simulation results. Line 698 represents data corresponding to the

high Q inductor and line 697 represents data corresponding to the conventional inductor. As for

the conventional inductor, the Q factor is relatively constant at about 9 from about 7 — 13.5 GHz.

At a frequency of 12.84 GHz (m1), Q is about 8.4. However, the high Q inductor has a change
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[0078]Fig. 17 shows a high Q inductor layout 700 with connections to form the inductor circuit. In one
embodiment, a bias voltage 428 is coupled to a first terminal of the second or sensing inductor 750. The
second terminal 752b is coupled to control terminal of the transistor which forms the VGA 470. A first
terminal of the @dndistords e liplgeioygrogadAvhilecthersgcoid . &8rfmkivalng k dephegh 1Q mdirstoterminal of the
third or feed back inductor 760. The second terminal of the third inductor is coupled to an operating

voltage (Vddha24Q Aagterert 280 £ derusrsdipervecprthetedRtidl @id Geboid fRFAsIARIS BHOV A,

[0079]Fig. 18 shows a screenshot of a high Q inductor structure in accordance with one embodiment of
the invention®ALeHAMOtHE Hidind- iha R t8F eb i pPRES it Thimilisaise dun dredugRiRd dstPtnird
(feedback) inductors jinterleaved. and stacked o bstrate, A second terminal of the feedback inductor
5 counied o HTHSE B UAREH S BLMILE HorG R ATt eyt S C NI 28 Mpled to a
second pad which ig vaﬂH%l(?cgutoan?umA transistor which forms the VGA includes control, first and second

. acnieve . . . . . .
terminals. The control termlnaf)ls coupI)]I%d to the second terminal of the sensing inductor. The first terminal

is coupled torggyid pae IV &3, cQURBIRRIQ HiR NG LhRAECANEIPERInRIsBGRUBLEIALNG first terminal of
the feedback inductor. A'tuning capacitor is provided between the control and second terminals of the
VGA. [0080]8rsigmbation-was gengusieshtorsempae.thad fastaisREarsanvantond induster with that of a
high Q inductor in accordance with one embodiment of the invention as a function of frequency. Fig. 19
plots the simpdaticn rasdl80lcine 68 nrepieseriterdata paribsipordingatbstkethighdQoinductastand line 697
represents data corresponding to the conventional inductor. As for the conventional inductor, the Q factor
is relatively cdi¥stadiBat abdetfOsromaiioupdis 48 G&Hrupled: frenuisoes8o? AISPBHthérsepr@ is about
8.4. However, the high Q inductor has a change in Q factor over the frequency range. At a frequency of
11.28 GHz (HiZ)sit RHO GHiteOPis hrtadintserohagarustreguientydipRielsdde ts {9583 GHz (m3),
the Q factor is about 50, At a frequency of 13.14 ém4 , the Q factor is about 48.4. This illustrates that the
high Q inductSf RERORT TSI BHATESF Ity R bARGANd Rty REP- JHEL IS ShihGvidsr bBMBwidth can
also be achieved Wilih#dditiﬁ)nal tuningV[OO 1]Fig. 20 shows ?%%I)ta%euggn.trolled oscillgggr g\n/CO) circuit

. i . t {Or.
800 in accordance Wwith one embodimentoffite invention. THe (§, as S%Wn,r%ngﬁswﬁflses first and

second transigior, e 840 and AR SoLRIsA . sarfas IO Raraehiit pajhe 634 o 806,

Transistors 812 and 814 of the first transistor pair are cross-coupled; transistors 822 and 824 of the

second transistauRad: 858 QL8R fRlRIeFdOGaIehbelueenrthe dansistor pairs and coupled to the first and
second circuit paths are a capacitor 842 and an inductor 870. First ends of the circuit path are coupled to

voltage sourgeoszid. Seceuithensdsaitabaipdethtongiogndddad raasisiotddentdRneembadiment, the
inductor comprises a high Q inductor as described in Fig. 4 or 9. The high Q inductor can also be
incorporateddotdwthér TpasofllMCORa8d M uperfdsivace analysis of the high Q inductor VCO and
conventional VCO was conducted. The simulation parameters are as follows: frequency = 5 GHz; vVdd =
1.8V; and Vswing = 1.8 Vfrequency =5 GHz;

Vaa = 1.8V; and

Viwing= 1.8V
Results of the simulations are plotted in Figs. 21a-b, with Fig. 21a corresponding to the high Q
inductor VCO and Fig. 21b corresponding to the conventional VCO. From Fig. 21a, the high Q
inductor VCO has a phase noise (PN) at 1 MHz equal to -145 dBc. The total current iy of the
circuit is about 0.9 mA and a total power Py, consumed by the circuit is of about 0.9 mW. As
shown from Fig. 21b, the conventional VCO has a PN at 1 MHz equal to -108.8 dBc. The total

current iy Of the circuit is about 3.5 mA and a total power Py consumed by the circuit is of
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Results of the simulations are plotted in Figs. 2 la-b, with Fig. 21a corresponding to the high Q inductor
VCO and Fig. 21b corresponding to the conventional VCO. From Fig. 21a, the high Q inductor VCO has a
phase noise (PN) at 1 MHz equal to -145 dBc. The total current itotal of the circuit is about 0.9 mA and a
total power Rtotal ¢3nsWmétobythesioiduivisrefuisotht Gi9hn/ihdastshvb@@ hsmvEigS2dbotlre conventional
VCO has a PN at 1 MHz equal to -108.8 dBc. The total current itotat of the circuit is about 3.5 mA and a
total power P@taEeanddfedBsyNdnareuris o wh digt @Bvenenrry@Qhe simulation results, the high Q
inductor VCO has over 85% power savings and 36.2 dBc PN improvement over the conventional VCO.

[0083]Fig. 22¥KiWs aldRatmlSetddiAher et srgPa baRtpaseaderseiriist 8628t dbrdance with

bodi t of the i tion. The CSF h : ' filt b-circuit 850. The filt
sub-cireut inbHREHFSt AR SR AR oo B ko BAREAY B2 Boupled in
paralll. One erminghofh et Sub-el i s covRlesio g B wollsa, Saures, 880, The eipes erminal o
. S

the filter sub-circuit is coupled to ground via a transistor 8 e gate of the transistor Is coupled to AC

voltage Sour%‘ﬁcﬁ&%aéﬁd?%@fﬂﬂ@ﬁgﬂﬂ?tﬁ&ratﬂ&h&ﬂ: RiRALFIRRAMRE ISR HRSCEORAINE BpE Or 9. The

high Q inductor can also be incorporated into other types of CSFs. [0084]A simulation was conducted to

compare the peefermareesgh a1hs bivvith-high: Q MeGIRr againsithatelaconvastinnd@.GSF. Fig. 23 plots
the noise performance as a function of frequency. Line 672 corresponds the data of the conventional CSF

while line 674 asises3eadThe the datheafdinsGSk withlal mghCQ dhdgctonrdecsie. Arcompares the frequency
tunability selectivity of CSF with and without the high Q inductor. Table 2 3-dB bandwidth Selectivity
Normal Inductob@4navlt-ithghbehi (g mdr¢getdre those described in Fig. 4 or 9. The high Q inductor can

also be incorporated into other types of CSFs.

[0084] A simulation was conducted to compare the performance of a CSF with high Q
inductor against that of a conventional CSF. Fig. 23 plots the noise performance as a function of
frequency. Line 672 corresponds the data of the conventional CSF while line 674 corresponds to
the data of the CSF with a high Q inductor. Table 2 compares the frequency tunability

selectivity of CSF with and without the high Q inductor.

Table 2
3-dB bandwidth Selectivity
Normal Inductor 647 MHz 8.5
High-Q Inductor 8 MHz 687.5

Clearly, by providing a CSF with a high Q inductor, improved frequency tunability is achieved.
[0085] Fig. 24 shows an image rejection notch (IRN) filter circuit 808 in accordance with
one embodiment of the invention. The IRN filter, as shown, comprises a filter sub-circuit 851.
The filter sub-circuit includes first and second terminals with a high Q inductor 870 and
capacitor 834 coupled in series. One terminal of the filter sub-circuit is coupled to ground. First

and second resistors 831 and 832 are coupled in parallel to the other terminal of the filter circuit
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8 MHz 687.5 Clearly, by providing a CSF with a high Q inductor, improved frequency tunability is
achieved. [0085]Fig. 24 shows an image rejection notch (IRN) filter circuit 808 in accordance with one
embodiment of the invention. The IRN filter, as shown, comprises a filter sub-circuit 851. The filter
sub-circuit inehddegingtdand secentadmemalisewith & highc@rinaubtah&EQlemdtedpaditordd34 coupled in
series. One terminal of the filter sub-circuit is coupled to ground. First and second resistors 831 and 832
are coupled iRhpa¥ahd indiriontieraieerbirint P el tatcibarityartdongrduitie™ one embodiment, the high
Q inductor can be those described in Fig. 4 or 9. The high Q inductor can also be incorporated into other
types of notcH9rs. [5@@ﬁﬁ%r%%ﬁ?€§rfﬂ@b%i’fdﬁ%ﬁ & S TRNDFHER W LR YHSES hductor versus a

convention IRN filter. Lj 93 cqrresponds to the conyentional |RN fj hile Jine 897 corresponds to
tho 1N fiter PR ING IHtctd AT ARG S LS BTG SRV L Igh G ADE e mproves mage
attenuation by about 40 dB. [ Jit.is understoogd. that in the variou iments or lications of the
inductor circ%&ggﬁﬂésntagjl% eﬁngeérf'glst eérvgl{?lc%ﬁ%}%gcgjﬁ&gg g)édch .ﬂlii‘lcl)sr?rg%é?n%?[eg Q i%%t‘gs%\adg%u%%atching

circuitry and pyffgrs.Gampe iactided Q@ﬁ{gﬁf’ggq)%%gjgpﬁf@applications. [0088]Furthermore, the invention

may be embodied in other specific forms without departing from the spirit or essential characteristics

thereof The fsgyging emhedinesys dihareiereadsestonip Gaksidereg pnatisespestsiHlustetive rather than
limiting the invention described herein. Scope of the invention is thus indicated by the appended claims,

rather than byiihetfaddging deserption;ani-alaiangdsdhdicemeplihiibe: nndanipgtandciange of
equivalency of the claims are intended to be embraced therein. What is claimed is:

circuitry and buffers can be included as desired for specific applications.

[0088] Furthermore, the invention may be embodied in other specific forms without

departing from the spirit or essential characteristics thereof. The foregoing embodiments,

therefore, are to be considered in all respects illustrative rather than limiting the invention

described herein. Scope of the invention is thus indicated by the appended claims, rather than by

the foregoing description, and all changes that come with the meaning and range of equivalency

of the claims are intended to be embraced therein.
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CLAIM 1. An inductor circuit comprising: a primary inductor (Li); and a compensation sub-circuit, the
compensation sub-circuit is electrically isolated from the primary inductor, the compensation sub-circuit is
magnetically coupled with the primary inductor for compensating loss in the primary inductor to enhance
Q factor of th®%hadisctiemasctisit. 2. The inductor circuit of claim 1 wherein the primary inductor comprises a
loss corresponding to series resistance R1 and the compensation circuit generates a negative resistance
fineg to compensate for the loss 121. 3. The inductdrAiMuit of claim 2 wherein the magnitude of fineg is
about equal to R1 to enhance the Q factor of the inductor circuit. 4. The inductor circuit of claim 2
wherein the rhagnit(d9PRRE G IR NN 90 - 95% of R1 to enhance the Q factor of the inductor
circuit. 5. The inductor circuit of clai ngerein the magnitude of fineg is equal to (02/1412*gm , wherein
M12 is the mutual iﬁgﬁ&gﬁég@‘&% H1A& primary inductor and first compensation inductor, M31 is the
mutual inductance etween i segond compensatianndudiorAnd e primankinducigrandm. is the
apmpsl P 6. Th (lzluctor of claim 1 wherein the

k 1S
tansconductance of an Ifier in the compensation circulit. ein

compensatiop)shibsCHHaHL GOMPESEAAith QB AAE S Didging the, COTRENRAHARSH RGP Uit to adjust the

amount of loss compensation, wherein the biasing of the compensation sub-circuit is independent of the
primary indugi@ticir The dasheatarti sir el of wlapmndaihgteibthe GompRe asalian sireeilcRowyises: a first
compensation inductor (L2) having first and second terminals and a second compensation inductor (L3)
having first aciecszcond terminals; an amplifier having a transconductance gm, the amplifier includes a
control terminal and first and second terminals, wherein the control terminal of the amplifier is coupled to
the second Li terminal and the first terminal of the amplifier is coupled to the second L2 terminal; a bias
voltage coupled to the first Li terminal; an operating voltage source coupled to the first L2 terminal of
the second C%mpemiigﬁqﬁgu@lr@ﬁitaﬁdzlaim 1 wherein the primary inductor comprises a loss

corresponding to series resistance R; and the compensation circuit generates a negative

resistance Rye, to compensate for the loss R;.

3. The inductor circuit of claim 2 wherein the magnitude of R, is about equal to R; to

enhance the Q factor of the inductor circuit.

4, The inductor circuit of claim 2 wherein the magnitude of Ry, is at least within 90 — 95%

of R; to enhance the Q factor of the inductor circuit.

5. The inductor circuit of claim 2 wherein the magnitude of Rygis equal to@’M ,M ., * g, ,

wherein M, is the mutual inductance between the primary inductor and first compensation
inductor, M3, is the mutual inductance between the second compensation inductor and the

primary inductor and g, is the tansconductance of an amplifier in the compensation circuit.
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a ground coupled to the second terminal of the amplifier. 8. The inductor circuit of claim 7 wherein a
magnitude of gm is tuned by adjusting the bias voltage to adjust the amount of loss compensation. 9. The
inductor circuit of claim 7 wherein the amplifier comprises a variable gain amplifier comprising a transistor
with a gate abd firsttanthdegonof @aminaldicthan gatedmpoupled sotthecontooitasmindlofvbiegmplifier and
first and second diffusion regions are coupled to the first and second terminal of the amplifier, wherein the
magnitude of@rhifsingibel wopaehoinTysibechrad (o hdige theainasntiot lam eempoisiss cohspandittion. 10.
The inductor circuit of claim 2 wherein the compensation circuit comprises a tuner to tune the frequency
response of §ifsBea! Bnpamesnssion submircwiids lidirepdent of ariDanHEEMH e compensation circuit
comprises a tuner having a first and second tuner terminals, the first tuner terminal is coupled to a control
terminal of an amplifier and the second tuner terminal is coupled to a first terminal of the amplifier, the
tuner comprises a GaRAGHAN K G e TEAY SR L ESRONSS 1 9M. PL NG, ATRIIRE, 12 The inductor
circuit of claim 2 wherein the compensation circuit comprises a tunerchavmg a first and second tuner

terminals, the first ty ﬁ%t@ﬁ?%'a%ﬁqm%ﬁﬁ% %9%‘1%'&%’{r&ﬂﬁ%&ﬁﬁlﬂe‘?ﬁ‘iﬂﬁﬂqnﬁ%‘ié%éeCO“d tuner

terminal is coupled to a first terminal of the amplifier, the tuner comprises a varactor having a bias voltage

to adjust the gapasitanceitRibide (he freaemey KesRBSE efmimOf the amplifier. 13. The inductor circuit
of claim 2 wherein the compensation circuit comprises a tuner having a first and second tuner terminals,

the first tuner terminakiapddigplediiga candcohdavminalggf die ampifiierandithe seaesideiunedtardinal is
coupled to an first terminal of the amplifier, the tuner comprises a capacitor to tune an effective
inductance ofitkieuddactod tirguitalsl ¥ hTheniddvordratitouiiret efdhm dnplifereinahwlednogbasetiod circuit
comprises a tuner having a first and second tuner terminals, the first tuner terminal is coupled to a control
terminal of ahaifiplifidraaddihersdesrigalrichtamnhilsidscouplediechs fieserdhmiisansrihe amplifier, the
tuner comprises a varactor having a bias voIt_a%%to adjust the capacitance to tune an effective inductance

of the inductor circdiP! 5 Kaflele? Eobflisily: & 8t¥irate having a dielectric layer;  a first inductor

comprising inner and outer.continuous concentlirgcdlé)?%gs ep rated.bX a LSt |ndu§tor |0°£’S§£§1°'n9 in a first

f
plane; a second INJUCLOT INtEHsaved with Hive Sndtictorwit I]inl ﬂ% firstinauctor ?oop spacing in the

first plane; ari]rgductor; and

a ground coupled to the second terminal of the amplifier.

8. The inductor circuit of claim 7 wherein a magnitude of g, is tuned by adjusting the bias

voltage to adjust the amount of loss compensation.

9. The inductor circuit of claim 7 wherein the amplifier comprises a variable gain amplifier
comprising a transistor with a gate and first and second terminals, the gate is coupled to the
control terminal of the amplifier and first and second diffusion regions are coupled to the first
and second terminal of the amplifier, wherein the magnitude of g, is tuned by adjusting the bias

voltage to adjust the amount of loss compensation.

10. The inductor circuit of claim 2 wherein the compensation circuit comprises a tuner to

tune the frequency response of gy, of an amplifier.
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a third inductor disposed in a second plane of the dielectric layer and stacked with respect to the first
inductor separated by an interlevel inductor spacing. 16. The inductor of claim 15 wherein loops of the
inductors comprise an octagonal shape. 17. The inductor claim 15 wherein the outer loop comprises first
and second partion$hesanihgtfirsiramd gedand2eniiscam ththemmresdoopacmpeises aes @pemcfoop having first
and second ends, wherein the second end of the first outer loop portion is coupled to the second end of
the inner loopannBae first Planecambitoner seavpe el HftHenss igRdneLiteedvpipdioniepnisotsupiad! to the first
end of the inner loop in_a plane different from the first plane to form a cross-over coupling. 18. A method
of increasing QAR IGE A G SESPROHPTILHGH Ot S SRiAir) irriead PRy WRRHIFCUYS a loss
equal to RI; enerating a negative indu%ta ce finegg bé magnetic cou Iinﬁl;’%feed back loop of a
compensatiol S LR W AR MRS Pl Es Rt TREeRse T ralibIF SR Hductor. 19. An
integrated circuit comprising: an inductor circuit, wherein the inductor comprises a primary inductor (Li);
and a compensation sub-circuit, the compensation sub-circuit is electrically isolated from the primary

inductor, the OMPERRAHAR. R RIRIEUE IS8 Qﬁ!&?&ﬂ%k&%&%?@n@é}ﬁ&ﬁﬁ%&ﬁ%&%}&gyEﬁ%é‘?r compensating
loss in the primary inductor to enhance Q factor of the inductor circuit.

having a first and second tuner terminals, the first tuner terminal is coupled to a control terminal

of an amplifier and the second tuner terminal is coupled to a first terminal of the amplifier, the

tuner comprises a varactor having a bias voltage to adjust the capacitance to tune the frequency

response of g, of the amplifier.

13. The inductor circuit of claim 2 wherein the compensation circuit comprises a tuner
having a first and second tuner terminals, the first tuner terminal is coupled to a control terminal
of an amplifier and the second tuner terminal is coupled to an first terminal of the amplifier, the

tuner comprises a capacitor to tune an effective inductance of the inductor circuit.

14. The inductor circuit of claim 2 wherein the compensation circuit comprises a tuner
having a first and second tuner terminals, the first tuner terminal is coupled to a control terminal
of an amplifier and the second tuner terminal is coupled to a first terminal of the amplifier, the
tuner comprises a varactor having a bias voltage to adjust the capacitance to tune an effective

inductance of the inductor circuit.

15. An inductor comprising:
a substrate having a dielectric layer;
a first inductor comprising inner and outer continuous concentric loops separated by a

first inductor loop spacing in a first plane;
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a second inductor interleaved with the first inductor within the first inductor loop spacing
in the first plane; and
a third inductor disposed in a second plane of the dielectric layer and stacked with respect

to the first inductor separated by an interlevel inductor spacing.

16.  The inductor of claim 15 wherein loops of the inductors comprise an octagonal shape.

17. The inductor claim 15 wherein the outer loop comprises first and second portions having
first and second ends and the inner loop comprises an open loop having first and second ends,
wherein the second end of the first outer loop portion is coupled to the second end of the inner
loop in the first plane and the second end of the second outer loop portion is coupled to the first

end of the inner loop in a plane different from the first plane to form a cross-over coupling.

18. A method of increasing Q factor of an inductor comprising:
providing a primary inductor (L.;) which incurs a loss equal to Ry;
generating a negative inductance R,¢s by magnetic coupling a feed back loop of a

compensation sub-circuit, wherein Ry reduces R; to increase Q factor of the inductor.

19. An integrated circuit comprising:
an inductor circuit, wherein the inductor comprises
a primary inductor (L;); and
a compensation sub-circuit, the compensation sub-circuit is electrically isolated
from the primary inductor, the compensation sub-circuit is magnetically coupled with the
primary inductor for compensating loss in the primary inductor to enhance Q factor of the

inductor circuit.
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