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Concepts and Methods in Optimization of Integrated
LC VCOs
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Abstract—Underlying physical mechanisms controlling the
noise properties of oscillators are studied. This treatment shows
the importance of inductance selection for oscillator noise op-
timization. A design strategy centered around an inductance L c” Brank
selection scheme is executed using a practical graphical optimiza- ]
tion method to optimize phase noise subject to design constraints
such as power dissipation, tank amplitude, tuning range, startup
condition, and diameters of spiral inductors. The optimization
technique is demonstrated through a design example, leading to a rig. 1. Steady-state paralleC oscillator model.
2.4-GHz fully integrated, LC voltage-controlled oscillator (VCO)

implemented using 0.352m MOS transistors. The measured . T L . I
phase-noise values are-121,—117, and—115 dBc/Hz at 600-kHz 'S large, as any optimization toahjustifiablyexploits the limi-

offset from 1.91, 2.03, and 2.60-GHz carriers, respectively. The tations of the models used.

VCO dissipates 4 mA from a 2.5-V supply voltage. The inversion ~ To address this issue, we consider underlying physid¢sCof

mode MOSCAP tuning is used to achieve 26% of tuning range. oscillators in this paper, concluding thiaductance selection

Two figures of merit for performance comparison of various . cesqlays a central role in oscillator noise optimization. An

oscillators are introduced and used to compare this work to S - . .

previously reported results. |nvest|gat|on_of phase-noise pr_opert|es leads to a QeS|gn st_rategy
based on aninductance selection scheme, providing a basis for a

detailed optimization methodology presented later in this work.

This optimization process entails an intuitive graphical method

to visualize the design constraints such as tank amplitude, fre-

guency tuning range, and startup condition, allowing minimiza-

. INTRODUCTION tion of phase noise while satisfying all design constraints.

NTEGRATEDLC voltage-controlled oscillators (VCOs) are  Section Il studies.C oscillators from a physical standpoint,

common functional blocks in modern radio frequency confroviding essential insights into the noise characteristidsf
munication systems and are used as local oscillators to up- &f§illators. In Section lll, a specific oscillator topology is chosen
downconvert signals. Due to the ever-increasing demand &% & design example and design constraints are imposed on the
bandwidth, very stringent requirements are placed on the spggcillator. The_mherent properties of ph_ase noise lead toa des!gn
tral purity of local oscillators. Efforts to improve the phase-noisgirategy. Section IV explains the details of our graphical opti-
performance of integratedC VCOs have resulted in a largeMization process. Elaborate simulation results of the optimized
number of realizations [1]-[23]. Despite these endeavors, d¢CO accurately predicting phase noise are shown in Section V.
sign and optimization of integratddC VCOs still pose many Section VI presents the experimental results and compares the
challenges to circuit designers as simultaneous optimizationRsirformance of our VCO to that of other reportedoscillators

Active device

Index Terms—Analog integrated circuits, CMOS integrated cir-
cuits, LC oscillators, optimization, phase noise, radio frequency,
voltage-controlled oscillators.

multiple variables is required. to prove the adequacy of our design methodology.
A computer-aided optimization technique usiggometric
programminghas been recently used to find the optimum de- Il. UNDERLYING PHYSICS OFLC OSCILLATORS

sign for certainLC oscillator topologies efficiently [24], [25].  |n this section, we will perform a simplified analysis of oscil-
Despite its efficiency, it provides limited physical insight intqator noise to obtain essential understanding of the basic trade-
choosing the optimum design, as it completely relies on thfs in anLC oscillator using th@oise-to-carrier ratigNCR) as
computer to perform the optimization. Therefore, even in themeasure of oscillator performance. A more accurate approach
presence of such CAD tools, firm understanding of the undegading to a design strategy for phase-noise optimization will
lying tradeoffs among the design parameters is essential to pB-presented in Section IIl. Although the following argument is
hance circuit innovations and increase design productivity. Thiited to the oscillators with parall&IC tanks, a series tank can

is especially important when the number of design parametgys analyzed using a dual line of argument.

A. Oscillator Voltage Amplitude
Manuscript received June 21, 2000; revised January 2, 2001. This work wad=ig. 1 shows the model for a paralleC oscillator in steady

supported in part by a fellowship from IBM Corporation. ___state, where the conductangg,. represents the tank loss and
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Institute of Technology, Pasadena, CA 91125 USA. ~Jactive 1S the effective negative con uctance of the active de-
Publisher Item Identifier S 0018-9200(01)04135-X. vices that compensates the losses in the tank.
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Viank o conductancegy,. Unless otherwise specified, from this point
voltage-lumtegl_ - Eunr > Ewns on, whenever we refer to an inductante we assume that
----- this optimization is already performed [24] and henEte
|77 R B A ......... :K}:: ------------------- corresponds to the inductor with the minimum loss. Note that

the minimum losgyy, is a function ofL.

The equivalence of the current- and inductance-limited
regimes can be used to combine (1) and (2) to determine the
relation betweenFE:,, and I, in the inductance-limited
regime. Assuming that the losses due to the on-chip spiral

. inductors are dominant in the integrate@ oscillators, (i.e.,

L, L[ Jtank ~ gL)

inductance-limited

Fig. 2. Eanx versusL curves obtained from (2) for two different tank energies Eionk < I, /(Lg?) (L-limited). 3)
Eiank,2 > Eiank,1. With an increasing inductance, the tank amplitude grows

along the solid parts of the curves until it reachigs,;; (inductance-limited While (2) is valid in both inductance- and voltage-limited

regime). Once the tank amplitude reachgs.;:, it stops growing with the . e . . s
further increase of inductance (voltage-limited regime). The partsofcurveswrtﬁglmes' it is easier to deal with a constant quaritify: in

broken lines are unrealizable. the voltage-limited regime, and hence we can rewrite (2) as
) . 2 2EamwiL  (L-limited)
- . = o . 4
Two modes of operation, namedrrent-andvoltage-limited Viank { thmit (V-limited) 4)

regimes can be identified for a typicdlC oscillator consid-
ering the bias current as the independent variable [18]. In the
current-limited regime, the tank amplitude,.... linearly grows B. Oscillator Voltage Noise

with the bias current according 1Qank = Jiias/granx UNtilthe  Theequipartition theorenof thermodynamics [26] states that
oscillator enters the voltage-limited regime. In the voltage-linat absolute temperatu® each independent degree of freedom
ited regime, the amplitude is limited td;.,ic, which is deter- for a system in equilibrium has a mean energy®¥2. For in-
mined by the supply voltage and/or a change in the operatigfance, noting that in a paralRCcircuit, only one independent
mode of active devices (e.g., MOS transistors entering triofiitial condition can be defined for the capacitor, the equiparti-

region). ThusVi... can be expressed as tion theorem states th&t(v2)/2 = kT'/2, which leads to the
o ho o (Limited) " well-known £7'/C noise, i.e.
tank = {17 (V-limited). 2y _ AL
(W=7 ©)

These two modes of operation can be viewed from a different . _ o
perspective, by using the tank inductarices the independent I the paralleLC oscillator of Fig. 1, the voltage noisg, in
variable instead of},;... Noting that the tank energi;a.x is the capacitor and the current noigen the inductor are gener-

defined asFiany = CV2, /2, Viank Can be expressed in termsally correlated and do not represent two independent degrees of
of By, i.€. o freedom. However, we may still apply the equipartition theorem

to the oscillator as a first-order approximation to obtain
kT
(v2) 2 — = kTwiL. (6)

" C
wherewy = 1/ LC is the oscillation frequency. The tank | .
amplituge grovés WithL, for given Eyug andqwo asyindicated which shows théT"/C dependence of the mean squared voltage

by (2) and depicted in Fig. 2 for two different tank energieg.O'S(.a across the paralleC tank. In other words, forf"‘g'Ye“ 0s-
Fiank1 < Frame . While beingthe sameas the current-lim- cillation frequency, the mean squared voltage noise is propor-
itegnrégime waglréfer to this mode imsluctance-limited regime tional to the inductance, which is valid in both inductance- and

when L is the independent variable. Therefore, any equatiélﬁ)l(t)age_'“m'tetd rteg|bmes. tion is that th illator h imil
valid in the current-limited regime must be valid in the induc- ne important observation is that the oscillator has a simtiar

tance-limited regime andice versa This alternative denomi- response_tokaotg the tank etnedrg%n};a”ld thedt'h?jr'matl 3”;@13;
nation will facilitate the understanding of various tradeoffs ir?”ae”éml = /t" "’}S expected intuitively and indicated by (2)
oscillator design throughout this work. Once the tank amplitud'd (6). respectively.

reached/imit, it stops increasing with further increase of the ins - \gise-to-Carrier Ratio (NCR) and a Mechanical Analogy
ductance and the oscillator will enter the voltage-limited regime

2Etank

Vi = = 2Branwy L 2

as before. Using (4) and (6), we can express the NCR oE&roscillator
Note that many different inductors with the same inductand@r @ given oscillation frequency as
L, can be made in any technology. For example, different w2 1/E L-limit
. . . . . n an] - ed
on-chip spiral inductors with the samk can be designed ‘</2 ) x {L/ tank EV—Iimited)) @)
using different geometric parameters such as diameter, number tank '

of turns, etc. [24]. However, only one of these designs wiEquation (7) shows that althoudf,.. increases withl. for a
offer the minimum loss, or the smallest equivalent parallgiven E; .1, as seen in Fig. 2, the NCR stays constant in the in-
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ductance-limited regime artbes notlepend on the value of the Prota = Pucune
inductor. However, once the oscillator enters the voltage-lim- P - P
ited regime, the NCR increases with Therefore, choosing an Pt '
inductanceL that places the oscillator in the voltage-limited ;

gzzmA %

regime results inwaste of inductancand will only increase

the NCR. An important observation is that for a givEg,,

a larger tank amplitude obtained by increasing the inductance

L does notesult in a better noise performance because the os- :

cillator has a similar response to both the tank energy and the . -

thermal energy, as noted earlier. On the other hand, the NCR l
P

Active
device

can indeed be improved by increasing the tank energy, as can

be seen from (7), which will inevitably result in larger power

dissipation. P,
We can draw a mechanical analogy to th@ oscillator to

help us understand the dependence of the NCR on the valué&igf3. LC oscillator as an energy conversion engine. Emergy transfer

the inductor. Consider a mass-spring oscillator in which a ma&ciencyof the active device can be defined @dar — Pacuive) Protar-

m is fastened to one end of a spring with a spring constant

while the other end of the spring is kept stationary. The maggling of the voltag_e and current as in certain oscillator topolo-

is immersed in water and subject to random bombardment@gs, such as Colpitts [27]. o _ _

water molecules. The loss due to the water friction is compen-It has been shown that such efficient operation of active de-

sated by a hand which follows the oscillation of the mass aiifes is closely linked to the exploitation of cyclostationarity to

continuously injects compensating energy into the system. Tigdluce noise contributions from active devices [27]. This oper-

hand is assumed to have undesirable yet inherent shaking. ational perspective can be viewed from a fundamental angle. In
The comparison between the differential equations for the V&Y Physical system, loss components and noise have an inti-

locity of the mass and the voltage across the paraldiank re- Mate connection, because any quantity representing dissipation

veals the analogy of the massand the spring constahtto the such_ as resis_tance iS the macroscopic average of_a Iarge r_1umber

capacitanc&” and the inverse of the inductantgL, respec- ©f microscopic fluctuating components. Thectuation-dissi-

tively. The mass velocity corresponds to the voltage across ff&0n theorenof statistical physics states the proportionality

parallelLC tank. The random bombardment of water moleculé¥ noise and loss parameters and provides the associated pro-

and the hand shaking correspond to the tank noise and the RRionality constant [26]. The reduced energy loss in the active

tive device noise, respectively. The hand can only make limité§vice by proper timing implies an enhanced screening of res-

displacements and never allows the mass to exceed its rarRftor from the loss components in the active devices, which

This introduces an upper bound for the maximum disp|acemély1|{| directly reduce active device’s fractional noise contribu-

and hence the maximum velocity of the masssulting in ave- tion to the resonator according to the fluctuation-dissipation the-

locity-limited regimeas an analog to the voltage-limited regime®rém. This explains the underlying physics for the active device
As expected intuitively, the mass of the oscillator has a sirf9ise reduction due to cyclostationary effects [27].

ilar response to the oscillation energy and the thermal energy.

Therefore, a smaller mass results in a larger maximum velocity,

alarger velocity noise, and hence a constant noise-to-signal ratid\lthough (7) provides essential insights into the oscillator

for a given oscillation energy until the oscillation reaches the veoise as a function of.py, the bias currenty,;,s is a more

locity-limited regime. In the velocity-limited regime, a reduc{ractical design parameter for electrical oscillators. To that end,

tion in mass degrades the noise-to-signal ratio as the velooitg convert (7) into

our

Design Insights

noise keeps increasing while the maximum velocity stays con- (02) Lo? /12 (L-limited)

tant. n 9L/ L bias -
stan % { L (V-limited) ®
D. Fundamental Relation between Loss and Noise by using (3).

An oscillator can be viewed as an energy conversion engine ad W0 important concepts afaste of inductancandwaste of
shown in Fig. 3. In an oscillator, the active device acts as amedyverin the voltage-limited regime can be seen from (8). In-
to transfer energy from the dc power supply to the resonator a¢f§asing- beyond the value that puts the oscillator at the edge of
convert it from dc to ac. As pointed out in the previous subset1e voltage-limited regime will degrade the NCR in proportion
tion, a largerE; ..« results in a better NCR. Therefore, every efl0 the excess inductance, and hence will resuitaste of induc-
fort should be made to maximize teeergy transfer efficiency tance Neglecting this distinction between the voltage- and in-
of active devices (see Fig. 3), as it will directly increase the taiictance-limited regimes can lead to noise optimization guide-
energy of the resonator. The energy loss in the active devicdies promoting maximization df [6]. Similarly, increasing the
usually a strong function of its voltage and current waveforntdas current in excess of the value that places the oscillator at

therefore induces the more commonly appreciated concept of

/2 = me2 /2. waste of power

‘max

INoting thatka:2

max
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Fig. 5. VCO core schematic.

: ?Lopt L Case 2) Lg3 decreasing withL: Now we consider the case
}g;'ible% feasible inductance. voltage whereLg? decreases with increasing inductance. In
5 -limited  : -limited this case, (8) shows that a larger inductance in the in-
(@) (v) ductance-limited regime results in a better NCR for

Fig. 4. Lg3, Viank, and NCR versug for a givenly;.s. (a) Lg? increasing
with an increasing inductancé. (b) L¢? decreasing with an increasing

inductanceL.

Based on (8), the optimum NCR for a given bias current is

a given bias current. Hence, the optimum inductance
for the optimum NCR is the one that places the de-
sign at the edge of the inductance-limited regime, as
seen in hypothetical curves fﬂ@%, Viank, aNd NCR
versusL for a fixed bias current of Fig. 4(b).

obtained in the inductance-limited regime wheg; assumes £ phase Noise Versus NCR

its minimu

m value. The specific behavior 6% with the in-

ductance has a strong dependence on the particular implemeri-"€ NCR was used in this section to investigate the general
tation of the inductor. Now, we investigate two hypothetical, yet;)(ropertles of oscillator noise. While being informative, the NCR

illustrative

optimum NCR can be obtained for a givég.s.

Casel)

2The startup constraint is normally imposed by specifying the minimum

small-signal

facks specific information on the frequency dependence of noise
or its conversion mechanism. Unlike the NCR, phase noise bears
Lg? increasing withL: First, we consider the case inspgctral information {ibout the os_cillator noise and thus assumes
whiLch Lg? increases with t,he inductance. As can ba different mathematical expression from (8). Neverthelesg, sim-
seen frorﬁ (8), asmallerinductance resultsin a bettler‘arlr central conce_pts, such as waste qf power, waste of \ nduc-
NCR for a gi\;en bias current. However. the induc_Eamce, power—noise tradeoff, _and the wr_nportance of the |_nduc—
tance cannot be reduced indefinitely si’nce in pra(t:e_l_nce selection W|I_I reappear in expressions for phz_slse noise, as
tice, we always have a minimum tank amplitude Conv_v|II be seen later in SeCtI(?n Il. .Now, a more detailed design
stra’intVf v > Vit min, aNCOF a startup condition strqtegy ba.sed upon specific noise propc_ertles of a prgd:t(r:al

ank = Ttanwmin : . " oscillator will be developed through a design example in the fol-
The excessive reduction of inductance will eve owing section
tually violate the minimum tank amplitude or the '
startup constraint. Consequently, the optimum irTII
ductance for the optimum NCR is determined when
the design lies at the verge of the tank amplitude
or startup constrairit.Hypothetical curves fof.g?, In this section, we demonstrate the design strategy through
Viank, @nd NCR versug for a fixed bias current in the oscillator topology of Fig. 5. Design constraints are specified
this case are shown in Fig. 4(a), where the minimu@nd a design strategy specific to the circuit is devised for phase-
tank amplitude constraint is the limiting mechanisnmoise optimization.

for this reduction.

, cases to show how the optimum inductance for t

LC VCO ToproOLOGY, DESIGN CONSTRAINTS AND DESIGN
STRATEGY

A. Design Topology

loop gain between 2 and 3. Hence, the design at the verge of tthe cross-coupletC oscillator of Fig. 5 is selected as a ve-

startup constraint still has a sufficient margin on the loop gain. hicle to demonstrate our optimization process. Full exploitation
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TABLE | <b=>
TWELVE INITIAL DESIGN VARIABLES \\\ ,"/ H
L Rs
Components | Initial design variables T ‘
Transistors W, Wy, Ln, Ly d 1Cp CP_L—
Spiral inductors b, s, n,d i %;p —|_ T Rp
Varactors Co,maz> Cvmin AN (L
Load capacitors Cload s>
Bias current Toias Fig. 7. Symmetric spiral inductor model.
i
Cloud ! C 1oad
| — | —» —{Fw—
CmCaC, | GG c R
11 : 11
Ry i Ry Spiral Fig. 8. LCtank and MOSCAP varactor.
VA [ MM~ ' inductors
L R, : R L model of Fig. 7 [30] with identicaRC loading on both termi-

e [ H H
¢ R r.c, PMOS tuning are made out of the gate channel capacitor of standard

I WA nals is used as a part of the tank model. Varactors for frequency

pMOS transistors in inversion mode. They are modeled with a

varactors . X X : i / X . X
) , capacitorC, in series with a resistoR,, as in Fig. 8, which is
CNMOS,I"’I Cemos | CNMOSI+ICPMOS used as a part of the tank model.
11 : 1 In Fig. 6, Cnvos andCpyos are the total parasitic capac-
i MOS itances of the nMOS and pMOS transistors, respectivelyd
- gm/l + gm/)) H - (gmn + gmp) . H
! AR | transistors gm andg, are small-signal transconductance and output con-
: ductance of the transistors, respectively. Although the values of
8on + 8up i 8on + 8op gm andg, vary with the change of the operating points of tran-
‘‘‘‘‘‘ NN\ AN/ | sistors in the course of oscillation, we will use the valueg,pf
|

and g, when the voltage across thé tank is zero. This ap-
proximation facilitates the analytical expression of design con-
straints. We will justify that the approximation does not mislead
the design shortly. All the electrical parameters in the equivalent
of differential operation lowers undesirable common-mode &fircuit model can be expressed in terms of design variables, by
fects such as extrinsic substrate and supply noise amplificatigiizing existing formulae for transistor parameters and on-chip
and upconversion. The oscillation amplitude of this structure igsonator parameters [24], [25].
approximately a factor of two larger than that of the nMOS-only The frequently appearing parameters in our optimization
structure due to the pMOS pair [18], [28], [29]. The rise angrocess are the tank logs,.., effective negative conductance
fall time symmetry is also incorporated to further reduce thegactive, tank inductancé ..., and tank capacitan@, ., of
1/ f noise upconversion [27]. These properties result in a bettggy. 1, given by
phase-noise performance for a given tail current.

There are twelve initial design variables associated with  2¢iank = gon + gop + g + 9L 9)
this specific oscillator: MOS transistors dimensiord’,( 2active = Gmn + Jmp (10)
W,, L,, and L,), geometric parameters of on-chip spiral I _oJ, (11)
inductors (metal widthb, metal spacings, number of turns tank =
n, and diameterd), maximum and minimum values of the  2Ctank =Crmos + Cnmos +CL + Cu + Cloas (12)

varactors 'y max and Cy min), l0ad capacitance(fjo,q) and . )
tail bias current in the oscillator cordi,.). These design "€SPectively, wherg; andg, are the effective parallel conduc-

variables are listed in Table I. Later, we will reduce the numb&gnce of the inductors and varactors, respecttvélg.g.., and

of independent design variables to six through proper desigrqank assume certain range of values as the varactor capacitance

considerations varies, their maximum and minimum values will be denoted by
The equivalent circuit model of the oscillator is shown ifuPSCriptanax andmin.

Fig. 6 [25], where the broken line in the middle represents eithercyyos = Cyoon+ Cu.n +4C 4.0, Conios = Coo.pt Cas.p+4Coa.p.

the common mode or ground. The symmetric spiral inductor 4y, = 1/R, + R./(Lw)? andg, = (C,w)/Q..

Fig. 6. Equivalent oscillator model.



HAM AND HAJIMIRI: OPTIMIZATION OF INTEGRATED LC VCOS 901

B. Design Constraints Thei2 /Af terms in the sum of (19) represent the equivalent

Design constraints are imposed on power dissipation, tafiifferential noise power spectral density due to drain current
amplitude, frequency tuning range, startup condition, and diaffRiS€; inductor noise, and varactor noise, and they are given by
eter of spiral inductors. [18], [31], [32]

First, the maximum power constraint is imposed in the form 2z
of the maximum bias curredt,,,. drawn from a given supply %‘i =2kTv(g40,n + Ga0.p) (20)
voltage Vyupply 1.€. f

Llnd _
Ibias S Imax- (13) Af - 2kTgL (21)
-
Second, the tank amplitude is required to be larger than a Yar =2kTqy max (22)
certain valueV;ank min, t0 provide alarge enough voltage swing Af
for the next stage: wherey ~ 2/3 and~y ~ 2.5 for long- and short-channel tran-
I, sistors, respectivelyyo is the channel conductance at zé&fgs
Viank = ——— > Viank min- (14) andis equal tg,, for long-channel transistors, while it is given
Gtank,max BY 27 4rain/( Lenanne1 Fsat) fOr short-channel transistors [32].

The subscriptnax in giank max Signifies the worst-case sce-gv,max in the varactor noise power spectral density is used for

nario. Sincey;, is the dominant term in (9), the approximatiorfhe worst-case noise.

for g, mentioned earlier does not lead to a significant error.
Third, the tuning range of the oscillation frequency is requir

to be in excess of a certain minimum percentage of the centetn this subsection, we demonstrate the dominance of drain

e'a- Dominance of Drain Current Noise

frequencyw, i.e. current noise for the design topology of Fig. 5, which will be
1 used to simplify (19).
LiankCrank,min < — (15) According to (9), (21) and (22), the equivalent current noise
wnllax density due to the varactors and the inductors is less than
Ltankctank,max Z P} (16) 4kTgtank,maxy Ie
min ﬁ T
Where(Wmax — Wmin)/w = (Minimum fractional tuning range) ff + AV—? < 4KT grank masx- (23)

and(wmax + wmin)/z = Ww.
Fourth, the startup condition with a small-signal loop gain of While g, = gqo for long-channel transistorg,,, < gao

at leasto,,,;,, can be expressed as for short-channel transistors by definition of the short-channel
regime, i.e.
Jactive 2 Oming ank,max (17)
‘ ‘ & — LchannelEsat <1 (24)
where the worst-case condition is imposed ¥k max. TO gio  2(Vas — V) '

qvercomethe p053|_ble error that the approxmaﬂory,tpme_n- Therefore, from (10) and (20), we obtain
tioned previously might cause, we can select a conservative min-

imum small-signal loop gain,;, (€.g., 3). i?\“
Finally, we specify a maximum diameter for the spiral in- A—f > KTy Ggactive (25)

ductor asd,ax, i.€.
where the equality and the inequality are valid for the long- and

d < dmax (18) short-channel transistors, respectively.
Now the ratio of the equivalent current noise density due to
to limit the die area. the tank components to that of the drain current can be upper
L bounded using (23) and (25), i.e.
C. Phase Noise in the Cross-Coupled Topology L L
In the1/f2 region, the phase noise is given by [27] i?nd/Ai‘f‘ Gar/Af < ¥Tgunkmax 1 (26)
'L%/[’d/Af 4kT’YgaCtive - Y%¥min

1 1 i2
L{for} = R R > <A_f 'Ffms,n> (19)  where we used the startup condition (17) to obtain the last in-
ot Hmax - p equality. The inequality of (26) predicts that with,;, = 3
where £, is the offset frequency from the carrier apga, is the drain current noise contributes more than 88% of the circuit

the total charge swing of the tank. Timepulse sensitivity func- Noise for short-channel transistors. This prediction agrees well
tion (ISF), T", represents the time-varying sensitivity of the og¥ith the simulation result shown later. _
cillator's phase to perturbations [27]. EaEh,.  in (19) isthe ~ Now by taking only the dominant drain current noise term
root mean square (RMS) value of the ISF for each noise soufBto accountin (19), we can obtain an insightful approximation
and is1/+/2 for an ideal sinusoidal waveform. It can be evalu- sp_ s the electric field at which the carrier velocity reaches half its satura-
ated more accurately from simulations, as shown in Section ¥6n velocity.
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for phase noise. Using (19) and (20) while replacing,. with 5 _ }56'3
‘/tank/(LtankWQ), we obtain ‘_W
.
4 = 4e-3
LQIbias .
’C’{foﬂ} X VQ (27) “
tank .
3 . : 3e-3
81 (Effective parallel conductance
where gi0 = 2lgrain/(LchanneiPear) Was used for o ',' of the indu{im) 3
short-channel transistérsand I'2 . = 1/2 was used for N .. =
a pure sinusoidal waveform. Equation (27) can be easily 2- ‘.. —2e-3%
interpreted by noting tha®tiank = Ivias/gtank = Ibias/gr IN Teal .
the inductance-limited regime an@ankx = Viimic = Veupply iN L Treall. . o3
the voltage-limited regime, i.e. e
L2g2 [ 1y; (L-limited) ‘ | | 0
ﬁfﬂ(x{ eV imi (28) 0 2 3 4 5 6 71 8
{ ° } LQIbias/Vvsipply (V'“mlted)' ! L (nH)
This equatio_n will be use_d to define a convenientdesign strategy g simulated maximum inductor quality factep, and minimum
in the following subsection. effective parallel conductangg, versus the inductanck.
E. Design Strategy 565

The properties of phase noise in (28) lead to a design strategy
for phase-noise optimization. For a given bias current, phase
noise in (28) increases with an increasibhin the voltage-lim-
ited regime, which corresponds weaste of inductanceEqua- & 465
tion (28) also indicates that for a given inductai¢@hase noise
increases with the bias current in the voltage-limited regime,
inducingwaste of powerNote that (28) ignores the cyclosta- o
tionary effects that can change the dependence of the phase
noise on the bias current in the voltage-limited regime. A more
rigorous treatment taking the cyclostationary noise into account
shows that phase noise reaches a plateau with an increase of the
bias current in the voltage-limited regime [18]. Even with this
consideration, the current that places the design in the voltage- 265 | | \ | | | |
limited regime causes waste of power, as unnecessary power
dissipation occurs without a significant improvement in phase
noise. Fig. 10. L2g3 versus the inductanck.

For typical on-chip spiral inductors, the minimum effective
parallel conductance, for a given inductancé decreases with ) ) ) :
an increasing inductance when the diameter of the inductor_olgt'mum inductance _for a giveh,i,s by calculating the max-
constrained as in (18) [24]. An example of such dependencd &M allowableg,, USiNGiies/Jtank 2 Lins /91 = Viank,min-
shown in Fig. 9 where the optimization for the minimymfor This maximum qllowabI@L will cor_resp_ond to the minimum
a givenL constrained to (18) was performed usiggometric (aQn% hence .OP“”_‘””‘) al!owablé in Fig. 9. The optimum
programming[24]. Using the data of Fig. 9, it can be seen tha{‘ 91/ Ivias given in (28) is then plotted for different values

the factorL?g? in (28) increases with an increasing inductancé’,f Ibins In Fig. 11. As can be seen from Fig. 11, a larger bias

as shown in Fig. 10. Consequently, for a given., phase noise current results in a better optimum phase noise, concluding that
increases with the inductance in the inductance-limited regirﬁ]}?gs |S_|hOU|d aLWagS l_)e setto 't$ m_ax!mh“m value allowed by
anda smaller inductance results in a better phase noise (13). encg,t IS design constramt. IS tig .t‘ .

However, the inductancé cannot be indefinitely reduced, The de_S|gn strategy for the osgllator |_n.F|g. 5.can be sum-
since it will eventually violate the tank amplitude constraint (l’anrlzed in the following way: Findhe minimum inductance

(nH O

(L&)

L (nH)

or the startup constraint (17). This can be seen from the si at satisfies both the tank amplitude and startup constraints for
latedg, versus/, curve in Fig. 9: with a decreasirg g, rapidly the maximum bias curreailowed by the ‘?'65'9” spe_C|f|cat|ons_.
increases and (14) and (17) will be eventually violated. The oéa;_s d_eS|gn strategy V.V'” be execu_ted using a practical graphical
timum inductance is then the one that places the oscillator at tHiMization method in the following section.
verge of either the tank amplitude or the startup constraint.
Now we demonstrate the power-noise tradeoff in the design V- LC VCO OPTIMIZATION VIA GRAPHICAL METHODS
pf LC oscillators, assu_ming that the_inductance reduction i_s lim- As mentioned earlier, phase noise of ti@oscillator in Fig. 5
ited by the tank amplitude constraint (14). One can obtain t@en be optimized by reducing the inductance as far as both
6l = 2Lpns the tank amplitude and startup constraints allow. While it may
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3e-2 ! TABLE I
SiX INDEPENDENTDESIGN VARIABLES

Components | Design variables | Notation
E Je-2 Transistors W, w
Ng Spiral inductors b, s, n,d b, s, n,d
vf Varactors Comaz ¢
i
W= le-2
3 TABLE Il
EXAMPLE OF DESIGN CONSTRAINTS
|
Eq. Specifications Value
0 i
2 4 6 8 10 N/A Vuriy 25V
Ibis (MA) (13) Inaz 4mA
Fig. 11. L2g2 /.. versus the bias currett,,.. (14) Viank,min v
(15),(16) feenter 2.4GHz
appear trivial, performing such inductance reduction is chal- (15),(16) | minimum tuning range | 15%
lenging in practice, as the-reduction should be executed while (17) o 3
satisfying all the design constraints. This challenge can be over- e
come by visualizing the design constraints graphically. (18) s 200pm

It is noteworthy that the following optimization will result in

a near-optimundesign, as time-varying effects such as cyclo- 4
stationarity, are ignored and the ISF is assumed to have an RMS start-up
value of1/+/2. A final quick fine-tuning simulation has to be > tank amplitude
performed to obtain the most accurate predictions, as shown in ..
the next section. 3l e
Now we demonstrate the optimization process, starting with . .
the reduction of the number of independent design variables ' inductance/current
through appropriate design considerations, in the context of a Lg ~ /’/Q{‘//»“ -limited
numerical example. S 2 e o
- /%2//////777‘~ _r_egl_me-—dl.wﬁr
A. Independent Design Variables and Numerical Design 2 //é//; /?/////A/\
. -~/ // / / ', A voltage
Constraints . L \/////// . -limited
In this subsection, we reduce the number of design variables I~ =7 <78,
from the original twelve to six [33]. First, as shown in the pre- | | | 1 B“
vious section, the power consumption constraint (13) is tight and 0 20 40 60 ) 100
I,ias IS set tol ;. Second, in the cross-coupled MOS transis- w (L) .

tors, both channel length,, and L,, are set to the minimum _
allowed by the process technology to reduce parasitic cap:fd
tance and achieve the highest transconductance. Also, a sym-

metric active circuit withg,.,, = g.., 7 is used to improve  To demonstrate a typical design problem, specific numerical
the1/f2 corner of phase noise, which establishes a relation b@esign constraints are imposed in accordance with Section I11-B
tweenW,, andW,,. Therefore, MOS transistors introduce onlyas shown in Table III.

one independent design variabl&,,. Third, MOSCAP varac-

tors introduce only one design varialflg ... since in a typ- B. ldentification of Feasible Design Regions

ical varactor, the rati@y max/Cy,min is primarily determined | this subsectionZ is fixed to show how feasible design
by underlying physics of the capacitor and remains constant {gints in thecw plane can be identified. The numerical value

a scalable layout. Fourth, the size of the output driver transistthe selected inductance in this subsection is 2.7 nH where the
tors can be preselected so that they can drive & &kd witha  jnquctor geometric parametets, s, n, andd, are chosen such
specified output power with the worst-case minimum tank anfhat 4, becomes minimum for this value @f;

plitude of Viank min. This results in a specific value f@ficaq, The design constraints given by (14)—(17) are visualized in
excluding it from the set of design variables. Table Il shows thgq 12 in thecw plane, wherew is in micrometers and is in
reduced set of independent design variables, together with thatofarads. The tank amplitude line is the loci of thvepoints
abbreviated notation that will be used from now on. resulting in a tank amplitude fiany min = 2V, using (14).

"This is an approximate criterion. More accurate criteria for minimization J?Oims below this tank .amp“FUde line correspond/{g,y larger )
1/ f noise can be found in [29]. than 2 V. The broken line with one dash and three consecutive

L 12. Design constraints fd,;,. = 4 mA.
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The inductance corresponding to this critigalis the optimum
inductanceLp;. Tuning range constraints are of no concern
for the L-reduction process as decreasibhgncreases the ca-
pacitance budget, relaxing the tuning-range constraints. With
L = Ly, there exists only a single feasible design point in
thecw plane, which lies on either the tank amplitude line or the
startup line.

Different scenarios can be envisioned depending on the
order the constraints are encountered with the reductiah, of

as shown in Fig. 14. If the tank amplitude limit is reached first,
the single feasible design point lies on the tank amplitude line
atL = Loy, as shown in Fig. 14(a). This unique design point
A in thecw plane represents the optimunandw.

On the other hand, when the startup constraint becomes ac-
tive first, the region of feasibility will shrink to a single point
B located on the startup line, as shown in Fig. 14(b) and (c).
Two different cases can be identified here. If paitlies in
the inductance-limited regime (between the tank amplitude and
regime-divider lines) as shown in Fig. 14(b), pal®itvill corre-
dots represents tiregime-divider ling below which the oscil- spond to the optimum design and no further action is necessary.
lation occurs in the voltage-limited regime with the tank ampliowever, ifB resides in the voltage-limited regime (below the
tude of Viimic = Veupply = 2.5 V. Thetrl and¢r2 lines are regime-divider line), as depicted in Fig. 14(c), the design suf-
obtained from (15) and (16), respectively. A tuning range of gérs from waste of power. In this case, the bias current should

least 15% with a center frequency of 2.4 GHz is achieved ifif reduced to make the regime-divider line translate downward
design point lies below the-1 line and above ther2 line. The  and pass through poitB.8

startup line is obtained from (17). The small-signal loop gain

is overamin = 3 on the right-hand side of the startup line tqy. Summary of the Optimization Process

guarantee startup. The shaded region in Fig. 12 satisfies all thq_he design optimization process can be summarized as fol-

constraints in (14) to (17) and therefore represent a set of fea- : . L
sible design points. ?ows. Set the bias current .., and pick an initial guess for

Further intuition can be obtained from this graphical repréh_e inductance value. Find the inductor with this inductance that

sentation. For instance, the effect of the startup condition on é‘;nmlze;gL. Thlsl if’m ?e (ilone l;Slng;g?T:réetgzd glrotptzseg n
size of the region of plausible design can be seen in Fig. 13! ] or using simulation tools such as [34]. Plot the de-

shows the effect of the loop-gain constraint, where increasiﬁbqén constraints in thew plane using the selected inductor. If

the minimum small-signal loop gaim,,;;, shrinks the region of t rre are g\lorii(tjha? ﬁne fena:js:ble d(teSIr?tri]I tphow]lts 'Tg:"pclian?’n ;
feasibility. Intuitively, a higher small-signal loop gain require§jec ease ihe Inductance and repeatu € leasible cesign area

larger transistor dimensions, and therefore the resultant increggg_'nks to a single point, as in Fig. 14. The single design point

in the parasitic capacitances makes it more difficult to obtain tathe d(_:W pla:jne trepre_ztsﬁ? n_ts Lthe ppttr:mm?ndw a_mg thte C(I)fr,:ﬁ i
desired tuning range. sponding inductor witl, = L, is the optimum inductor. If the

The dominance of drain current noise lowers the dependeﬁé@gle design point lies in the voltage-llimited re.gime,-the bias
of phase noise on transistor width and the maximum ca- current should be reduced frofy,,, until the regime-divider

pacitance of varactors Therefore, the phase-noise differencialne passes through the single feasible design point to avoid

across the feasible design area in theplane is expected be waste of power.

small. For example, in Fig. 12, phase-noise difference between )

points A andB is no more than 0.5 dB where the phase noider Robust Design

was calculated from (19). This fact is well reflected in phase- The graphical visualization of design constraints can help us
noise approximation (28), which suggests a strong dependenope with possible process variations, leading to a robust de-
of phase noise on the choice of inductor rather thandw. sign. In the presence of process variations, the constraint lines

turn into bands as shown hypothetically in Fig. 15. The broken

C. Inductance Selection and solid lines represent design constraints in the slow and fast

We now execute the design strategy obtained in Section IfOC€SS corner, respectively. The robust design points are se-
exploiting the graphical representation of the design constraifgcted inside the inner triangle, sides of which consist of broken
AS goank ~ g1, increases with a decreasifigas shown in Fig. 9 lines. The shaded area in the figure represents unreliable design

ank ™~ -y .. . ..
the L-reduction will translate the tank amplitude line downward! the presence of process variations. Accordingly, the optimiza-
and the startup line to the right, shrinking the feasible design
area in thew plane. Foryy, in excess of a certain critical value 8The startup and tuning range lines show little dependence on the bias current.
either the minimum tank amplitude constraint or the startup ¢ 'It is obvious that the tuning range is not affected by the bias current. The startup

: - . Obnstraint is almost independent of the bias current as the transconductance of
straint will be violated, as can be seen from (9), (14) and (1&hort-channel transistors shows little dependence on the bias current.

40 60
w (W)

Fig. 13. Effect of changes in the minimum small-signal loop gain.
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Fig. 14. Design constraints with = L. (a) L-reduction limited by the tank amplitude constraint. Byeduction limited by the startup constraint without
waste of power. (c].-reduction limited by the startup constraint with waste of power.

6
i l.'lstart—up
) J—— slow corner
fast corner
4 i////777) unreliable
design
&
5
)
Rpr Ry
2 —
tr2 $
0 | | | | Fig. 16. Non-symmetric spiral inductor model.
0 20 40 60 80 100

w (L) Phase-noise simulation is performed at a center frequency of
2.22 GHz with a tail current of 4 mA. The impulse sensitivity
functions (ISFs) of various noise sources are obtained by per-
forming the charge injection simulation [27] and are depicted in
tion process should instead be modified to turn the region of feig. 17 for the pMOS, nMOS, and tail transistors. The cyclo-
liable design to a single point. stationary effect of the drain current noise due to the periodic
operating point change can be taken into account byhtise
modulating functiofNMF), which is proportional tQ/gao [27].
The simulated NMF for pMOS and nMOS transistors is shown
Validity of the approximations made in the previous sectioris Fig. 18. The effective ISF, which is the product of the orig-
can be verified using simulations. In this section, an accuratal ISF and the NMF for the drain current noise, is depicted in
phase-noise simulation is performed [33] on the VCO designédy. 19.
using our optimization process. The more accurate non-sym-The total simulated phase noise-420 dBc/Hz at 600-kHz
metric equivalent circuit for spiral inductors used in simulationsffset from a 2.22-GHz carrier. The circuit noise contributions
is depicted in Fig. 16. This non-symmetric model was developé@m each noise source are shown in Table IV. Note that most
using ASITIC to address the physical asymmetry of the spiraf the circuit noise is contributed by the drain current noise of
structure [34]. the cross-coupled transistors, as demonstrated earlier. The ap-

Fig. 15. Process variations and resultant constraint change.

V. SIMULATION
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1.0 Lo —
PMOS ISF B :
082N, -ee-- NMOS ISF 08 ! PMOSISF %]
’ = = = Tail ISF Y Iy « 0\ eaamuas NMOS ISF *
0.6 — 0.6 . 4
04 E 0.4
oo 4
~ &=
0 > ~ =0
02~ 0.2
04 |- 04
X i .
0.6 : | : i L I : L 0.6 J : ! ‘ ‘ L ‘
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Fig. 17. Impulse sensitivity function (ISF). Fig. 19. Effective ISF.
1.6 —
PMOS NMF TABLE IV
. = « « NMOS NMF ST, SIMULATED RESULT OFNOISE CONTRIBUTIONS FROMEACH NOISE SOURCE
r * .
*
. Noise source | PSD (A?/Hz) | Contribution
3 Drain current | 6.90 x 1072 86 %
Gate 1.20 x 102 1.5%
o Inductor 4.49 x 107 5.6 %
=
z Varactor 1.77 x 107# 22 %
Tail current 3.73 x 107%# 4.7%
TABLE V
| l VCO PERFORMANCE SUMMARY

Supply voltage 2.5V
Current (core) 4mA
Fig. 18. Noise modulating function (NMF). Center £ 2.33GH
€nter rrequency - VA
. . . _ Tuni 26 %
proximate equation (28) predicts a phase noiseti?1 dBc/Hz HIng range ’
at 600-kHz offset. This is only 1 dB different from the simula- Output power (50-Q load) 0dBm
tion results, confirming the validity of the assumption leading  Phase noise (f. = 1.91GHz, @600kH z) | -121dBc/Hz
to (28). Thel/f noise reduction factors are 0.18 and 0.25 for Phase noise (f, = 2.03GHz, @600kHz) | -117dBc/Hz
nMOS and pMOS transistors, respectively [27]. T ’
Phase noise (f, = 2.63GHz, @600kH z) | -115dBc/Hz

This 3-dB difference can be attributed to the uncertain channel
noise factory, degradation of tank amplitude caused by the par-
Table V summarizes performance of the VCO, which was in@sitic resistors in metal layers, and high sensitivity of the oscil-
plemented in a three-metal 0.3%a BICMOS technology, only lation frequency to extrinsic supply and control line noise due
using MOS transistors. Fig. 20 shows the VCO chip photogragh.the high VCO gain at this frequency.
A tuning range of 26% is achieved, as shown in Fig. 21. PhaseTo measure the phase noise more accurately, we increased
noise is measured using an HP8563 spectrum analyzer witile control voltage up to 3.5 V, which further reduced the oscil-
phase-noise measurement utility. The measured phase noidatain frequency to 1.91 GHz where the VCO gain is very low.
2.2 GHz is about 3 dB higher than the simulated phase noigég. 22 shows a plot of phase noise versus offset frequency from

VI. EXPERIMENTAL RESULTS
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N Fig. 24. PFTN for various oscillators.

3

To compare the performance of our oscillator to recently re-

by
W ported results [1]-[23], we define two figures of merit. First,
vy power-frequency-normalize@FN) figure of merit
AL . L 9
] e W T
K § PFN = 10log : <ﬁ> —L{fz}  (29)
Psup foﬂ
10 FREQUENCY OFFSET 10 . . . .
KHz FROM 1.911 GHz CARRIER mHz  was devised, noting that phase noise of an oscillator measured
. . at an offsetf,s from a carrier atf, is proportional tof§ and
Fig. 2. Measured phase noise vergis at 1.91 GHz. inversely proportional tgfZ; [35] as well as the power dissi-

pated in the resistive part of the tank. As the power dissipated
the 1.91-GHz carrier. The phase-noise measurement at 600-kithe resistive part of the tank cannot be easily calculated from
offset from the 1.91-GHz carrier yields121 dBc/Hz. the VCO specification, phase noise is normalized Tt P.,,,,
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in (29), whereF,,;, is the total dc power dissipated in the VCO. [4] A. Rofougaran, J. Rael, M. Rofougaran, and A. Abidi, “A 900-MHz
PFN is a unitless figure of merit expressed in dB. A larger PFN

corresponds to a better oscillator.

(5]

To take tuning range into account in the comparison of dif-

ferent oscillators, a second figure of merit callpower-fre-
guency-tuning-normalizePFTN)

PFTN = 10log KT <f tune

2
P\ for ) —L{fn}  (30)

was devised wheré une = fuax — fmin. NOte that PFTN is a

normalization of PFN to the squared tuning rafgg.../ fo)>.
Again, a larger PFTN corresponds to a better oscillator.

(6]
(71

(8]

CMOSLC oscillator with quadrature outputs,” IBSCC Dig. Tech. Pa-
pers 1996, pp. 392-393.

M. Soyuer, K. A. Jenkins, J. N. Burghartz, and M. D. Hulvey, “A 3-V
4-GHz nMOS voltage-controlled oscillator with integrated resonator,”
IEEE J. Solid-State Circuit/ol. 31, pp. 2042—2045, Dec. 1996.

B. Razavi, “A 1.8-GHz CMOS voltage-controlled oscillator,”[BSCC
Dig. Tech. Papers1997, pp. 388-389.

L. Dauphinee, M. Copeland, and P. Schvan, “A balanced 1.5-GHz
voltage-controlled oscillator with an integrate@ resonator,” inSSCC
Dig. Tech. Papers1997, pp. 390-391.

B. Jansen, K. Negus, and D. Lee, “Silicon bipolar VCO family for
1.1-2.2 GHz with fully integrated tank and tuning circuits,”IBSCC
Dig. Tech. Papers1997, pp. 392-393.

[9] T. Ahrens, A. Hajimiri, and T. H. Lee, “A 1.6-GHz 0.5-mW CMASC

Using these two figures of merit, the designed oscillator ig10]
compared to those reported in [1]-[23] in Figs. 23 and 24. Theﬁl]
reported oscillator in this paper has the second largest PFN and

the largest PFTN among the oscillators with on-chip inductor

using standard metal layers.

VII. CONCLUSION

Fundamental physics &fC oscillators was presented to pro-

12]

(13]

vide essential understanding of the noise properties of the osci?!
lators. A design strategy centered around an inductance selec-
tion scheme was executed using an insightful graphical methdddl
to minimize phase noise subject to several design constrainﬁ_se]
imposed on power, tank amplitude, tuning range, startup, and

diameter of spiral inductors. A 2.4-GHz fully integrate®€

(17]

VCO was designed using our optimization technique and im[ls]
plemented as a design example. A tuning range of 26% was
achieved with the inversion mode MOSCAP tuning. The mealt®]

sured phase noise wasl21,—-117, and—115 dBc/Hz at 600

kHz offset from 1.91, 2.03, and 2.60-GHz carriers, respectivelyi20]
The designed VCO dissipates only 4 mA from a 2.5-V supply

; . : . . 21]
voltage. Comparison with other oscillators using two flgures[
of merit, PFN and PFTN, supports the adequacy of our design

methodology.
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