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2006/ 001878 PCT/ US2005/ 012300 Q ENHANCEMENT CI RCU T AND METHOD 5 BACKGROUND
OF THE INVENTION Field of the Invention: 10 The present invention rel ates
to electrical and electronic circuits and systens. Mor, ol ly, the
present i nYEAPIOR8/}| ates to systens and nethods for Qﬁenﬁaﬁdg&%ﬁi{{ f or
passi ve inductive capacitive resonators in electrical and el ectronic
circuits and systens. 15 Description of the Related Art: In reference to a
resonant nechani cal or electrical circuit or a capacitor, Qis a "quality
factor.” In the case of a resonant system Qis a neasure of the sharpness
of 20 the resonant peak in the frequency response of the systemand is
inversely proportional to the danping in the system Q = center frequency
di vided by Hz bandw dth. Equalizers that contain resonant circuits are
rated by their Qvalue: the higher the Q the higher and nore well defined
the peak in the response. In filters, the ratio of a bandpass or
band-reject filter's center frequency to its bandw dth defines Q 25 Thus,
assum ng a constant center frequency, Qis inversely proportional to

bandwi dth, i.e., a higher Q indicates a narrower bandw dth. (See

Q ENHANCEMENT CIRCUIT AND METHOD
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PCTI US20051012300 Hence, for a variety of applications such as analog to
digital conversion, wreless communication circuits, narrowband anplifiers,
m crowave g fbb%o?sﬁ”d the 30 like, it is useful to provide a system or

met hod for 8 nhancenment. I n anal og signal processing aRET/EBIHRIM4t i on
systens, Q enhancenent «circuits typically use negative resistor circuits to
cancel out parasitic serial resistance associated with the inductors (L) in
t he passive inductor-capacitor (LC) resonators. Wen inplenmented in fully
differential node, these circuits are usually connected in 35 parallel with
t he capacitors of the r e PENHANGMENYCIRTUIY ANEMEFRODt Or i s connect ed

bet ween two inductors. Cenerally, the negative resistor circuits fail to
adequately cancel the parasitic resistance of the inductors. This non-ideal
cancel | ati on causes other second order effects and can cause the circuit to
resonate at other frequencies. In addition, the use of negative resistors
requires voltage-to-current converters 40 to generate negative currents for
t he cancel l@tion. This nmakes the negative resistor circuit nore susceptible
to non-linear distortion and circuit delay and degrades the performance of
the LC resonator. Hence, a BM@W@E%@H@VINQHM a system or mnethod
for enhancing the Qof a circuit. Particularly, a need remains in the art
for a systemor method for enhancing 45 the Q of LC resonators used in
anal og signal processing and communi cation systens to inprove the linearity
and resol ution theﬁ;%q)({g_f_@%ﬁxma: THE | NVENTI ON 50

10
The present invention relates to electrical and electronic circuits and systems.
More specifically, the present invention relates to systems and methods for Q
enhancement for passive inductive capacitive resonators in electrical and electronic
circuits and systems.
15

Description of the Related Art:

In reference to a resonant mechanical or electrical circuit or a capacitor, Q is a

“quality factor.” In the case of a resonant system, Q is a measure of the sharpness of

20 the resonant peak in the frequency response of the system and.is inversely
proportional to the damping in the system: Q = center frequency divided by Hz
bandwidth. Equalizers that contain resonant circuits are rated by their Q-value: the
higher the Q, the higher and more well defined the peak in the response. In filters, the

ratio of a bandpass or band-reject filter’s center frequency to its bandwidth defines Q.

25  Thus, assuming a constant center frequency, Q is inversely proportional to bandwidth,
i.e., a higher Q indicates a narrower bandwidth. (See

http://www.dilettantesdictionary.com/pdf/g.pdf)




The need in the art is addressed by the Q enhancenent circuit and nethod of
the present invention. In a nost general enbodinent, the inventive circuit
is adapted for use with a conponent having a parasitic resistance RU and a

first resh?d?;g‘%&lgs_ 55 disposed in series with the coingegﬁgt@pggl%@n

arrangene maki ng the resistance a negative res

2006/ 001878 PCTI US2005/012300 In the illustrative enbodi nent, first and
second i nductors constitute the conponents for which Q enhancenent is
effected. A resistance Rl is disposed in series with the first inductor and
is equal to the parasitic resistance RL1 thereof. 60 Likew se, a second
resistance R2 is dilkpeselr arvasietyiof sapplidatiorss hvacts ec emulog tod digitalr conndsions equal to
the parasitic resjstance RL.2 thereof. In this_ enmbodinment, the nhancemnent
circuit includ&&eIEssOpLnicplion Gicpifs, nasowhand ARG, TP S P %é‘fheThe
transi st or g0 Maykd)& is usdfhl to Prdvidearsytén 64 h@Mbd foe@ shtahdment. MOSFETs (net al - oxi de
sem conductor field effect . transis_tors%, or other type of transistors. 65
In a BIT inpl ement dP i BAOE SigRRl Blocspae Aat |CORPBRICHUOR AYFens ReragkmBeted to a

respective onecighité §pichlly &t nativd RsiSECARGit 16 ShrbI0dus piRasifd sdBdl RAsaRach of the
emtters are connected to a_ respective one of the inductors. In this case,

the Q enhancendfieciatsd, with the ipdrctory@y im tej Ragsive jpducipr-ganapitos (L) Fosenatorseni t t er

fol I ower/vol t agfeh ﬁhdﬂl%ﬁéd if GRIYCEHEShtia DA N BBsel diBuitsUrd BGhBY cInfiécidanal of the
first transistor and the base termnal of the 70 second transistor and a

second uni 8Y- geaellchimhithe wapacitensred dheagsoprtonwnd rivniosdy dhst ¢apeciter is compegiedial of the
second t r ansi Sﬁ%ee%ﬂ@otiﬁ@ucg?s.se.deﬂérgﬁﬂ%% r%%atfvg %esﬁétcfr%r,cﬁi{saﬂﬁ ititdﬁ)gquatélg) the
alternati ve MOSFET i npl enentation, €ach of the transistors has 'a Source, a
gate and a dr aramcdl dharpasasitic zesistarve of desinductons hTlu$ npiridealr ceingellationndansebs i s
other second order effects and can cause the circuit to resonate at other frequencies.
In addition, the use of negative resistors requires voltage-to-current converters
40  to generate negative currents for the cancellation. This makes the negative resistor
circuit more susceptible to non-linear distortion and circuit delay and degrades the
performance of the LC resonator. '
Hence, a need remains in the art for a.system or method for enhancing the Q of
a circuit. Particularly, a need remains in the art for a system or method for enhancing

45  the Q of LC resonators used in analog signal processing and communication systems

to improve the linearity and resolution thereof.

SUMMARY OF THE INVENTION
50

The need in the art is addressed by the Q enhancement circuit and method of

the present invention. In a most general embodiment, the inventive circuit is adapted

for use with a component having a parasitic resistance Ry and a first resistance R

55  disposed in series with the component and an arrangement for making the resistance a

negative resistance.



connected to a respective one of the first or the second resistors Rl or R2
and the 75 source termnals are connected to a respective one of the

i nductors. A first unity-gain anplifier (source follower) is connected
Sodbdigiser m nal of the first transistor and the gate term nal of
ransi stor and a second unity-gain anplifi EFTUSHRELI2EY bet ween

bet ween tgﬁo
the second t

the drain termnal of the second transistor and the gate termna
stor. 80 In the best node, each of the unity gain anplifier is a
ce follower to achieve optimal circuit sinplicity and nmaxi ma

operating bandw dth. 4 WD 2006/ 001878 PCT/ US2005/ 012300 85 BRI EF
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In a BJT implementation, each of the collector terminals is connected to a
respective one of the first or the second resistors Ry or R; and each of the emitters are
connected to a respective one of the inductors. In this case, the Q enhancement circuit
includes a first unity-gain amplifier (emitter follower/voltage follower) connected
between the collector terminal of the first transistor and the base terminal of the
second transistor and a second unity-gain amplifier connected between the collector
terminal of the second transistor and the base terminal of the first transistor.

In the alternative MOSFET implementation, each of the transistors has a
source, a gate and a drain terminal. In this case, each of the drain terminals is
connected to a respective one of the first or the second resistors R; or R; and the
source terminals are connected to a respective one of the inductors. A first unity-gain
amplifier (source follower) is connected between the drain terminal of the first
transistor and the gate terminal of the second transistor and a second unity-gain
amplifier connected between the drain terminal of the second transistor and the gate
terminal of the first transistor.

In the best mode, each of the unity gain amplifier is a emitter/source follower

to achieve optimal circuit simplicity and maximal operating bandwidth.

O emtter



Figure 7 is a schematic diagramof the resonator of Figure 5 with a MOSFET
source follower inplenentation for the voltage followers thereof. 5 WO

2006/ 001878 PCTI US2005/ 012300 DESCRI PTION OF THE | NVENTI ON 105 Il lustrative
enbodi menigy #geRsRMP! ary applications will now be desgribed with reference
to the acconpanying drawi ngs to disclose the advantageBG§“§€@E“Vﬁﬂs of the
present invention. Wile the present invention is described herein with

reference to illustrative 110 enbodinents for particular applications, it
shoul d be understood that the invention is not limted thereto. Those
having ordinary skill in the art and access to the teachings provided

herein wi 83 recogni ze adBRIEHDESCRIFIIONCOF TBESDRAWINGSat i ons, and
enbodi ments within the scope thereof and additional fields in which the
present invention would be of significant utility. 115 Figure 1 is a
schematic diagram showing a differential LC resonator widely used for

anal og signal pro eSSI in.accorgdance with c entl | teachi.ngs. Figure 2
is a schematic di (fi“%? a f%&m?t&‘g’r%“bfhoﬁ?ngﬁ Ental %WW@%&?%%{ tic

resi stance ofusemr aralG e ptocde R @Dccordinc s RANEonventioh 4 Wabkinds. and 2, the
resonat or includes first and_ second inductors L1 and L2 connected in

paral | el ?QJ a gr ol Astieratc Greryn at b psaunster ghtiiewre dsBawing 8i2tic onnect ed

across the otBgftaROesht hatRat metbe first and second |nductors LI and L2
have inherent parasitic resistance shown as, respectively, illustrated

in Figure 2. As i 5593 ShR®amanprpaehier Qephanesment of thevesqaaionaf Iflg‘lfe%éh al
resistors RL,,:338unE¥®ith conventional teachings.

Figure 4 is a schematic diagram of a resonator with Q enhancement
95 implemented in accordance with an illustrative embodiment of the teachings of the
present invention.
Figure 5 is a schematic diagram of the resonator of Figure 4 with an
illustrative implementation of the negative resistors thereof.
Figure 6 is a schematic diagram of the resonator of Figure 5 with a bipolar
100  emitter follower implementation for the voltage followers thereof.
Figure 7 is a schematic diagram of the resonator of Figure 5 with a MOSFET

source follower implementation for the voltage followers thereof.



associated with the inductors, the Qof the LC resonator is limted. One
comonly 125 used technique to increase the Qis to use a negative resistor
in parallel with the capacitor. This is illustrated in Figure 3. Figure 3
shows an or Q enhancenent of the resonator of Fiqure 2 in

accor dancgﬂ{?\nédtaﬁwggﬁventi onal teachings. In this resona?Gng@,"S’&‘zi’f@gati ve
resistor Ris connected in parallel with the capacitor C Al though this
approach can increase the Q 130 of the resonator, it has not been found
adequate in the cancellation of the effect of the parasitic serial
resistors RLI and Rye on Q In addition, the negative resistor R makes 6 WO
2006/ 001878 PCTI US2005/ 012300 DESGRIPEHON AT HE INVEXNTIONP! i cated circuit and
can cause resonance at other undesired frequencies. Hence, a need renains
inthe art for a systemor nethod for enhancing the Qof a circuit. 135
Figure 4 i1g5a schematic diagramof a resonator with Q enhancenent

i npl emented in accgordance wiith an illustrative _enpodi nent of fhe_ teachings

of the present inVESEHYR cmprdiments spdexsroplagy frRPlicatons Hill paw g fesibedsi gure 2

with the excepgiipPRferdnbato thé a&bma&?;ng Qs REEIR16s¥ d KITERIRES teacking/nd - R2
are disposed in series with the irst and second inductors Lt ané L2,

respectively. 45 psgHiAweRliqls a schematic di agram of the resonator of Figure
4 with an illustrahjiuend p@&ggﬁ%ﬁ&a WeRiribbd ReriR Gt Péﬁer{n@i't%s{l]lg&%ﬁ%‘er eof . In

Figure 5, resistors R and are disposed in series wtht Irst and
second i nditt ombodimeats fergiagicalasaprlicagipns, it soulisinderteod thatithe inyentien ipar asi ti c

Connect ed | n Bey bk FGer TRow Tl oA SRIRN e BB Gut Tl 1€

conponent, i n grémaded| |hesin awill ereeqgpize c additiong! tohaelifidatiests, asmplisasionsadairdhduct or s

Li embodiments within the scope thereof and additional fields in which the present
invention would be of significant utility.

115 Figure 1 is a schematic diagram showing a differential LC resonator widely
used for analog signal processing in accordance with conventional teachings. Figure 2
is a schematic diagram of the resonator of Figure 1 showing parasitic resistance of the
inductors thereof. As shown in Figures 1 and 2, the resonator 10’ includes first and
second inductors L; and 1, connected in parallel to a ground connection on one end

120 and a capacitor C connected across the other ends thereof. The first and second
inductors L; and L, have inherent parasitic resistance shown as, respectively, as
illustrated in Figure 2.

As is well known in the art, due to the parasitic serial resistors Ry; and Ry,
associated with the inductors, the Q of the LC resonator is limited. One commonly

125  used technique to increase the Q is to use a negative resistor in parallel with the
capacitor. This is illustrated in Figure 3.

Figure 3 shows an approach for Q enhancement of the resonator of Figure 2 in
accordance with conventional teachings. In this resonator 20, a negative resistor R is
connected in parallel with the capacitor C. Although this approach can increase the Q

130  of the resonator, it has not been found adequate in the cancellation of the effect of the

parasitic serial resistors Rr; and Ry, on Q. In addition, the negative resistor R makes



and L2, respectively. The collector of Q is connected to Rt at a node A and
the collector of Q2 is connected to R2 at a node B. In accordance with the
present teachings, a first voltage follower (unity-gain anplifier) 42 is
connect edwlgﬁbg\g ggode A and the base of 2. The second vol tage fol |l ower 44
i s connected between node B 150 and the base of Q. ThBCFIPPS/HAWOsecond

vol tage followers 42 and 44 can be inplenented by emtter foll owers as
shown in Figure 6 bel ow, source followers as shown in Figure 7 or other
suitable circuit arrangenent as will be appreciated by those of ordinary
skill in the art. Figure 6 is a schematic diagram of the resonator of Figure

S Wth a bi pofhétesonkt agiitré t@hiplicited Yl ahdBineiaBdRiradohide hOsthérnRddsaktd age
followers thereof. In this enbodinment, the first follower 42 is inplenented

with a third Bi98eciss: Beafhs? ueed reregins iR 45 4gior ¢ &Ysisas & BEtRebEr sBapgnthode A, its
col I ector conpegtsedcikaitground and its emtter connected to a first current
source 46. The second follower 44 is inplemented with a fourth bipolar
transi st 8?° Q4 havifigyrs tsispaswhematisediomem f aggeongor with & |epkanegrent 60

connect ed t o g ahdied@ Rl adchidaRBvitheih ;AMRARG! Sfbolithedt SLEHENhcEiHES &Mthe SOUTr CE 48.
VWile 7 WO 2086/ 001878 PCT/ US2005/ 012300 an NPN i npl enentati on i s shown,

t hose ski | | edprpsentipgention. e tesoagipn 4k simdlar tohat of Pigrre 2 with &wesiea@tipon may be
enpl oyed as Welil g5 .«tRL@WEnd ndoSh@ 15§ Bt i a&gr,am; t of Figure
5 wth a MOSFET ﬁIsstcglur cec Ii}orl1 Igghmerréslqﬁn%ﬁ?r{é%?gt %gﬁ%;ﬁé%t)? hgﬁﬁéﬁgg% t?%l | ower s

t hereof . | n tfrstsndpdgonfl industors 1,68d BY)'tespestivéiannel MOSFETs M and M2 are used

B A s i T L
transi st or Mailliamativegimiplesmepation efaleegitve résgtonoitieredt, In Figudr §iresistors Ry
and R; are disposed in series with the first and second inductors. The resistors R; and
R, should be equal to the parasitic serial resistors Ry; and Ry,. First and second
transistors Q; and Q, are connected in between the resistors R; and R; and the
145  associated component, in the illustrative application, the first and second inductors L;
and L, respectively. The collector of Q; is connected to R; at a node A and the
collector of Q, is connected to R; at a node B. In accordance with the present
teachings, a first voltage follower (unity-gain amplifier) 42 is connected between node
A and the base of Q2. The second voltage follower 44 is connected between node B
150 and the base of Ql. The first and second voltage followers 42 and 44 can be
implemented by emitter followers as shown in Figure 6 below, source followers as
shown in Figure 7 or other suitable circuit arrangement as will be appreciated by those
of ordinary skill in the art.
Figure 6 is a schematic diagram of the resonator of Figure 5 with a bipolar
155 emitter follower implementation for the voltage followers thereof. In this
embodiment, the first follower 42 is implemented with a third bipolar transistor Qs
having its base connected to node A, its collector connected to ground and its emitter
connected to a first current source 46. The second follower 44 is implemented with a
fourth bipolar transistor Q4 having its base connected to node B, its collector

160  connected to ground and its emitter connected to a second current source 48. While



connected to ground and its source connected to the first current source 46.
The second follower 44 is inplenented with a fourth MOSFET transistor M4
having its 170 gate connected to node B, its drain connected to ground and
its sourGgoGaReRlEd to the second current source 48. Wiile an n-channe

i npl enentation i's shown, those skilled in the art wi IHCTARBPEOIEIL t hat a

p- channel inplenentation nmay be enployed as well. The inventive enhancenent
circuit 40 should cancel the effect of the inherent 175 parasitic

resi stance and i nprove the Q factor of the conponents with which it is used.
Thus, the present invention has been described herein with reference to a
parti cul ar enmkodiPheintplementaonpia stidwayithase skilledl irctht i will kpmedate éaat mENBr di nary

skill in the .aqt aQq%accegs tq t?e ﬁrFsent teachings will recognize
addi tional nmodTRFRAISAL RE PR RSt PR and enbodi nent's within the scope
thereof. 180 It i sFiglrerrds Dschehaticeliugfth &thd ReonappenkEigste GlvathaMOSFEDVEr any
and all such _appljications, nodificatiops enmbodi ts. withj.n the scope
of “t he. pr esentoRiE ol GRICATEGPRIH ey et SlowER Leres CARREBPRARCR o A VB
1. A Q enisanceoeni-clinfic] MOSFETs B, GAdPONas tusdiditl plgcedofPe dibtt dnd se@miist ance
RLI, said enhancenentﬁ%%écgét conprising; a &jrst resi stance R 1 di sposed
) 1T

in series w t FREHIYs R Figyrp o dn additipn, ths firstpllapr 42 iymplanedtednce R
di sposed in sQith&Sthit MOSEHTOrSGEBONE Havidg it9 ga8 MR HE R SIRNESits Bdin Wher ei n

said first means for nmaking said resistance R a negative
connected to ground and its source connected to the first current source 46. The
second follower 44 is implemented with a fourth MOSFET transistor M, having its
170  gate connected to node B, its drain connected to ground and its source connected to
the second current source 48. While an n-channel implementation is shown, those
skilled in the art will appreciate that a p-channel implementation may be employed as
well.
The inventive enhancement circuit 40 should cancel the effect of the inherent
175  parasitic resistance and improve the Q factor of the components with which it is used.
Thus, the present invention has been described herein with reference to a
particular embodiment for a particular application. Those having ordinary skill in the
art and access to the present teachings will recognize additional modifications
applications and embodiments within the scope thereof.
180 It is therefore intended by the appended claims to cover any and all such
applications, modifications and embodiments within the scope of the present
invention.

Accordingly,

185 WHAT IS CLAIMED IS:



resi stance includes a first transistor Ql; a second conmponent having a
parasitic resistance RL2; second resistance R2 disposed in series with said
second conponent; and second neans for making said second resistance R2 a
negative resistance -R2, wherein said second neans for nmaking said

resi stance includes a second transistor @ and each of said transistors has
a collector, a base and an emtter termnal, wherein each of said collector
termnals of said transistors QL a@OAI@Si s connected to a respective one of
first or second resistors RL or R2 and said emtter term nals are connected
to a respective one of said conponents. 2. The invention of claim1l wherein

sai d Q enhanQesriahcmane Wircuit ot Wdesmponkbatr BdviegTal pdragitic redaaret ROl besidveen t he
collector termnal of the first transistor and the base term nal of t he
seconMHANSERGNE SIFUItEOMPLSB8cond anpl i fier connected between the col | ector

terminal of ﬁ&@fééls&%@ﬁ@dlsbaﬁa% S wildaidRbfhphRse termnal of said first
transistor. 3. The invention of claim?2 V\/nereln each of said anplifiers is a

unity gai nﬂ@mniqaﬁs dor, malqmg“ﬁlaei rew@ncq B dispostdims@iesheitleisaidecomhpopéntsai d
anpl | Elégea%\s/e ir651s he€ mlilt e“r/herem Sal\ﬁe ﬁrst means for making said resistance R1 a negative
resistance includes a first transistor Q1;
a second component having a parasitic resistance RL2;
second resistance R2 disposed in series with said second component; and
second means for making said second resistance R2 a negative resistance —R2, wherein
said second means for making said resistance includes a second transistor Q2 and each of said
transistors has a collector, a base and an emitter terminal,
wherein each of said collector terminals of said transistors Q1 and Q2 is connected to a
respective one of first or second resistors R1 or R2 and said emitter terminals are connected to a

respective one of said components.

2. The invention of claim 1 wherein said Q enhancement circuit includes a first amplifier
connected between the collector terminal of the first transistor and the base terminal of the
second transistor and a second amplifier connected between the collector terminal of said second
transistor and said base terminal of said first transistor.

3. The invention of claim 2 wherein each of said amplifiers is a unity gain amplifier.

4. The invention of claim 3 wherein each of said amplifiers is an emitter follower.



