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On the Phase-Noise and Phase-Error Performances of
Multiphase LC CMOS VCOs

Pietro Andreani, Member, IEEE, and Xiaoyan Wang

Abstract—This paper presents an analysis of phase noise in
multiphase LC oscillators, and measurement results for sev-
eral CMOS quadrature-voltage-controlled-oscillators (QVCOs)
working in the 2-GHz frequency range. The phase noise data for
a so-called BS-QVCO ( 140 dBc/Hz or less at 3 MHz frequency
offset from the carrier, for a power consumption of 20.8 mW and a
figure-of-merit of 184 dBc/Hz) show that phase noise performances
are close to the previously derived limits. A systematic cause of
departure from ideal quadrature between QVCO signals is also
analyzed and measured experimentally, and a compact LC-tank
layout that removes this source of phase error is proposed. A
TS-QVCO designed with this technique shows a phase-noise
figure-of-merit improvement of 4 dB, compared to a previous
implementation. The measured equivalent phase error for all
QVCOs is between 0.6 and 1 .

Index Terms—CMOS, phase noise, quadrature signal genera-
tion, RF, voltage-controlled oscillators (VCOs).

I. INTRODUCTION

T
HE problem of generating quadrature signals has recently

attracted a great amount of interest, spurred by the key

role played by such signals in low-IF and direct-conversion

receivers. A power-efficient approach is by direct quadrature

generation in so-called quadrature voltage-controlled oscilla-

tors (QVCOs), most often employing LC tanks, because of the

stringent requirements on the maximum acceptable phase noise

in modern telecommunication standards.

The present paper deals primarily with the phase noise per-

formances that can be expected from multiphase LC oscillators

in general, and in particular from the QVCO architectures pre-

sented in [1] and [2]. Since the noise performances in the

region for the design in [1] have been discussed at length in [3],

we shall focus here on the phase noise in the region, i.e.,

where the phase noise is caused by white noise sources.

General results will be derived in Section II by employing

Hajimiri’s simple and elegant theory of phase noise [4], cen-

tered upon the concept of impulse sensitivity function (ISF, with

symbol ). Although the ISF approach has been superseded

by analog simulators like spectreRF (based on Kärtner’s math-

ematical treatment [5], [6]) as a numerical analysis tool, the

closed-form formulation of the ISF will be used here to arrive

to simple formulas for the phase noise generated by the noise

sources in the LC tanks. These formulas will enable the straight-

forward comparison between the performances of different mul-
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tiphase oscillators, and even between oscillators generating dif-

ferent numbers of phases. SpectreRF phase-noise simulations

will be illustrated in Section III, and compared to the results

obtained in Section II; these comparisons will disclose the out-

standing performances of which the QVCOs in [1] and [2] are

capable. Section IV will present an analysis of the systematic

phase error induced by a parasitic magnetic coupling between

different LC tanks, together with the technique adopted to avoid

this effect. Section V will present both the excellent measure-

ment results on two different QVCO prototypes, and the exper-

imental evidence for the phase-error mechanism discussed in

Section IV. Finally, Section VI will summarize the paper, Ap-

pendix A will prove the validity of the mathematical approach

followed in Section II, and Appendix B will discuss an impor-

tant property of phase noise.

II. NOISE AND PHASE NOISE

In this section, we focus on the following question: how does

the phase noise of a multiphase oscillator relate to the phase

noise of a single-phase oscillator, when both employ the same

LC tank(s)?

In order to provide an answer, we will make use of (34) in [4],

reproduced in (1) for convenience:

(1)

where is the excess phase caused by a current impulse at

node , which results in an excess charge on capacitor ,

is the period of the oscillation, is the derivative of the th

node voltage, and is the norm of the first derivative of the

waveform vector. It should be noted the (1) is not correct in gen-

eral,1 since it assumes that noise perpendicular to the state-space

trajectory of the oscillator does not generate any phase noise.2

However, we will show in Appendix A that (1) is in fact a very

good approximation for the exact value of , if the state equa-

tions associated to the currents flowing into the tank inductances

are normalized with the impedance factor , where and

are the inductance and capacitance for each tank. Assuming

1It is worth mentioning that the particular form of �� given by (1) only
played a minor role in Hajimiri’s theory [4]. In that work, the favored way of de-
termining�� was through a series of time-shifted transient simulations. While
this approach does yield results that are valid in general, such results are numer-
ical in nature, and lack therefore the kind of universality possessed by symbolic
closed-form expressions.

2The reader interested in these issues is referred to the papers by Kärtner [5],
[6], as well as by Demir et al. [7]. Specific examples of systems where (1) yields
wrong results are discussed in [8], and at the end of Appendix A in the present
work. Useful information can be found in the Cadence spectreRF manual as
well [9].
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that the voltage across is sinusoidal, which is a very good ap-

proximation even for moderate values of the quality factor of

the LC tanks, a second consequence of this normalization (see

again Appendix A) is that the voltage across and the voltage

associated to the current flowing into have the same peak am-

plitude , and are in quadrature to each other. If we now use the

fact that in a well-designed multiphase LC oscillator the voltages

at the various tanks have the same amplitude and well-defined

phase relations, and that signal amplitudes at other (parasitic)

nodes in the oscillator are much smaller than , we can rewrite

(1) as

(2)

where is the maximum signal charge stored in across

an oscillation period, and is given by

(3)

with the number of tanks in the oscillator, and the phase

offset between the voltage at node and the voltage at node .

This result was already stated in [4] for , and used in

subsequent works.

According to the ISF theory, and employing (2) and (3), we

obtain in general

(4)

resulting in an rms value of

(5)

to be used3 in the well-known expression [4], [11] for phase

noise

(6)

where is the phase noise at the offset frequency ,

generated by the noise power density of the noise current

source between node and ground. In the present case, is the

noise current associated to the parallel resistance of the

tank, given by

(7)

where is Boltzman’s constant, and the absolute tempera-

ture. We can obtain an expression for the noise power re-

sponsible for this phase noise, by rewriting as a noise-to-

signal ratio:

(8)

3A dependence of � on n in ring oscillators was observed, through nu-
merical ISF simulations, in [10].

The above formulation of is valuable in practice, since spec-

treRF expresses the phase noise data in terms of and signal

power. Noticing that , and using

(6)–(8), we obtain

(9)

which shows that, when (5) holds, is the same in all oscil-

lators built around the same tank, i.e., is independent of the

different energy restoration mechanisms at work in different os-

cillators. It should be appreciated, though, that depends on

the node (or differential nodes) at which it is measured, while

phase noise, remarkably, is independent of this choice (see, e.g.,

[12]; an intuitive proof of this statement is presented in Ap-

pendix B).

While (5) and (6) show that the presence of tanks reduces

the phase noise due to a single noise source by a factor , com-

pared to the case of a single tank, there are now current noise

sources instead of only one. These noise sources are all uncor-

related and equal in power, and using the above mentioned fact

that phase noise is independent of the node where it is measured,

we find that the total phase noise due to such noise sources is

times the one given by (6). This result, however, assumes that

is the same in both cases, which is equivalent to assuming

that the signal amplitude at each tank in the multiphase case is

the same as in the single-phase case (this is not true in general

[13], see Section II-A). If we now also assume that the other

noise sources in the oscillator scale in the same proportion, the

overall phase noise in the multiphase oscillator is times lower

than in the single-phase case:

(10)

However, it is clear that an oscillator with tanks draws (at

least) times the current needed by the single-tank oscillator,

if we want to have the same voltage amplitudes in both cases.

Therefore, we can conclude that, under the above (ideal) as-

sumptions, a multiphase oscillator displays a phase noise nor-

malized to the power consumption that is independent of the

number of phases generated.4

A. Degradation and Other Nonideal Effects

The previous analysis is ideal in the sense that it does not take

into account various effects that might have a nonnegligible, or

even dominant impact on the actual phase noise performances.

The severest problem is caused by the coupling between the

tanks in a multiphase oscillator. It is well-known that when two

differential LC-tank oscillators are coupled to generate quadra-

ture phases, the phase noise performance may be easily de-

stroyed by two mechanisms: the reduction of the effective of

the tanks, when the current flowing in each tank is not in phase

with the tank voltage [13], and the additional noise generated

by the coupling devices [3]. A remedy to both is to decrease the

coupling strength between the two differential oscillators, at the

4The results in this section may be compared to those obtained by van der
Tang et al. [13] with a linear analysis of the multiphase LC oscillator. In partic-
ular, the result contained in (10) was also derived in the cited work, albeit in a
somewhat different form.
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Fig. 1. Schematic views of the a) P-QVCO; b) TS-QVCO; c) BS-QVCO.

expense of a higher phase error between the phases for the same

level of component mismatch [3]; in another approach, phase

shifters may be introduced between the oscillators, in order to

align current and voltage in each tank [13]. Yet another issue

is that contributions to phase noise from parasitic nodes, such

as the common source of the tail-biased differential oscillator,

might have different weights when varies.

III. PHASE-NOISE SIMULATIONS

Several simulations were run with spectreRF, in order to as-

sess the performances of three different LC QVCO designs, all

based on the mutual coupling of two differential LC oscillators:

the “parallel” QVCO in Fig. 1(a) [14] (P-QVCO, so-called be-

cause the transistors coupling the two differential oscillators are

in parallel with the differential oscillators5), the “series” QVCO

in Fig. 1(b) [1] (here to be referred to as top-series QVCO,

TS-QVCO, since the coupling transistors are in series with the

switch transistors, and placed above them), and the bottom-se-

ries QVCO of Fig. 1(c) [2] (BS-QVCO). Besides comparing

these QVCOs with one another, it is natural to compare them

with the differential oscillator they are based upon, and which is

5The original implementation of the P-QVCO had separated tail currents,
while a unique tail current was proposed in [15]. This solution is adopted here
for all three QVCOs examined, since it leads to (marginally) better phase noise
performances.
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TABLE I
SIMULATED NOISE POWER CONTRIBUTIONS (IN V =Hz) AND PHASE NOISE

AT 3 MHz FREQUENCY OFFSET FROM THE 2-GHz FUNDAMENTAL FOR THE

DIFFERENTIAL (NONQUADRATURE) LC-TANK VCO (Q = 10,
I = 2 � 4 mA)

known to yield excellent performances in terms of phase-noise

figure-of-merit (FoM), defined as

(11)

where is the angular frequency of oscillation, and is the

power (in mW) consumed by the oscillator. For all these oscil-

lators the inductance in each tank was 1.3 nH, the tank was

10 (losses in the form of a parallel tank resistance of 163

), the oscillation frequency was fixed to 2 GHz, and the bias

current was 4 mA for each tank. In order not to bind the re-

sults to a specific technology and to a specific MOS model, the

original bsim3v.3 model for the 0.35 CMOS process used

was modified in an ideal sense, by removing both the electron

velocity saturation effect and the electron mobility reduction in-

duced by the electric field normal to the MOS channel. Fur-

ther, bias currents was supplied by ideal current sources, with

a 100 fF parasitic tail capacitance for each differential oscil-

lator. These measures should be enough to make the behavior

of the QVCOs largely process-independent, so that the results

presented in the following should have a more general validity

and be easily replicable.

In all simulations, the phase noise was measured in a single-

ended fashion, i.e., between a tank output and ground, which

enables a direct comparison of the various contributions in

different oscillators (to repeat, the phase noise itself is indepen-

dent of the node or nodes at which it is measured).

The simulation results for the differential VCO are summa-

rized in Table I; the tank resistances account for 60% of the

phase noise, and the switch transistors for the remaining 40%.

The distribution of the phase noise contributions can be regarded

as typical for a well-designed differential VCO. Equally impor-

tant is the value of the absolute contribution of the tank resis-

tances to the phase noise; according to (9), the contribution of

the single resistance should be at 3 MHz

frequency offset from the fundamental, which is only marginally

lower than the simulated result. Further, the peak amplitude of

the single-ended signal is 815 mV, very close to the value given

by the expression , which assumes an

ideal square waveform for the current into the tank.6 These re-

sults show that the simulated VCO is performing in a (quasi)

optimal way, which is crucial, since we are next going to com-

pare its phase-noise performance with those of the QVCOs pre-

viously mentioned. Finally, combining the data from noise and

6The factor (2I ) is due to the fact that we have defined I as the bias
current for a single tank, and there are two tanks in the differential oscillator.

TABLE II
SIMULATED NOISE POWER CONTRIBUTIONS (IN V =Hz) AND PHASE NOISE

AT 3 MHz FREQUENCY OFFSET FROM THE 2-GHz FUNDAMENTAL FOR FOUR

DIFFERENT LC-TANK QVCO DESIGNS (Q = 10, I = 4� 4 mA)

oscillation amplitude, (8) gives a phase noise of 143.8 dBc/Hz

at 3 MHz offset from the fundamental.

Turning now to the QVCOs, Table II summarizes the most

important phase noise data. To repeat, these QVCOs were built

around four LC tanks identical to those used in the differential

VCO, while the bias current was doubled, so that the bias current

per tank was the same in all situations. There is, however, one

more degree of freedom in the design of a QVCO based on two

differential VCOs: the strength of the coupling between the two

differential VCOs [3]. While the phase error between the four

phases can be reduced by increasing the coupling strength, an

undesired result of this measure is that the phase noise increases

as well. This trade off between phase noise and phase error is

very strong in the P-QVCO [3], much less so in both the TS-

and BS-QVCO [2], [3]. Thus, in order to compare two different

QVCO designs in a fair way, both phase error and phase noise

must be taken into account. The coupling strength is quantified

by the parameter , defined as7

(12)

where is the width of the coupling (switching)

transistors, and the assumption has been made that all transis-

tors have the same length. According to simulations (see also

[2], [3]), the TS- and BS-QVCO optimized for minimum phase

noise display the same phase error as the P-QVCO having a

7s was called � in both [3] and [2]; in the present paper, the name has been
changed in order to avoid confusion with the � appearing later in Appendix A.
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ranging from 1/2 to 1/3. The phase noise of the P-QVCO was

therefore simulated for these two values of , while TS- and

BS-QVCO were assigned a single value of five.

As clear from (10), if a QVCO performed exactly “equally

well” as the differential VCO, we would expect a 3 dB lower

phase noise compared to the case of the differential VCO. In

fact, both BS- and TS-QVCO come very close to this limit,

displaying a phase noise reduction of 2.3 dB and 2.5 dB, re-

spectively. It is worth noting that all QVCOs display a phase

noise contribution from the single tank resistance very close to

, which is the (ideal) value yielded by (9),

and that this value is very nearly 1/4 of that for the differen-

tial oscillator, as expected. The performances of the P-QVCO,

however, are sensibly poorer than the two S-QVCOs, displaying

a phase noise between 3.7 dB and 5.2 dB higher.8 These re-

sults integrate those presented in [3], where it was shown that

the TS-QVCO is much less sensitive to -noise upconversion

into phase noise than the P-QVCO.

IV. A SYSTEMATIC SOURCE OF PHASE ERROR

As mentioned in [3], the implementation of the TS-QVCO

there presented suffered from a sub-optimal layout, since the

very long interconnections between the two center-tapped coils

affected adversely the of the tanks and the maximum achiev-

able oscillation frequency. A new TS-QVCO design with opti-

mized, very compact layout was therefore fabricated, and also

here the phase error between the four phases was measured in-

directly, as the image band rejection (IBR) in a single side-band

(SSB) frequency up-converter, identical to the one used in [1].

To our surprise, the IBR data was this time much poorer, lying

some 20–25 dB below those measured in [1].

Somewhat unexpectedly, this deteriorated IBR behavior

could be traced back to the mutual inductance between the

two center-tapped coils [16]. This is immediate to check by

simulations, but can also be easily derived by using the linear

model of the QVCO presented in [3], and reproduced in Fig. 2.

Here , which is in quadrature with , is generated by the

large-signal coupling transconductance , and , which

is in phase with , is generated by the large-signal switch

transconductance (analogous relations apply to , ,

and ). In the following, we will assume that the currents

and are still in quadrature, despite the effect of the mutual

inductance (this introduces only a negligible error on the final

result). Straightforward circuit analysis [16] yields a departure

from quadrature between and by an angle , given by

(13)

where is the coupling factor between the two coils. Thus, even

if is as low as 0.01, the phase error is already larger than 1 .

Simulations on the TS-QVCO showed that the IBR was 35 dB

at best for this value of .

A brute-force solution to this problem is to diminish

by increasing the distance between the two coils, accepting

8The performance deterioration for the P-QVCOs is mainly caused by the
reduction of the effectiveQ in the tanks [13], which results in smaller oscillation
amplitudes (see Section II-A).

Fig. 2. Simplified linear model for a QVCO.

increased losses and increased parasitic capacitances. Basi-

cally, this would entail a retreat to the previous layout. A

more appealing solution is to adopt a design having by

construction, at least ideally. This can be achieved by replacing

each center-tapped coil with two two-terminal coils, as shown

in Fig. 3, where L1a and L1b belong to one differential VCO,

L2a and L2b to the other one. The direction of the current

flowing into L1a and L1b, respectively, is such that the two

magnetic fields generated have opposite directions (and equal

magnitudes). Due to the symmetry of the layout, ideally the

effects of the two fields on the inductors in the other oscillator

(L2a and L2b) cancel out perfectly. The same is of course true

of the effects of L2a and L2b on L1a and L1b. In practice, the

mutual inductance between the tanks does not totally disappear,

but is nevertheless strongly reduced. It can be noted that a

mutual inductance also exists between coils belonging to the

same VCO; however, it is easy to see that it has no impact on

the IBR.

V. MEASUREMENT RESULTS

A. QVCOs With Two Center-Tapped Coils

Several designs for both the TS- and BS-QVCO architectures

have been fabricated in a standard 0.35 CMOS process with

three metal layers of thickness less than 1 each. Extensive

measurement results on a TS-QVCO have been reported in [3]

and will not be repeated here.

A robust comparison between TS- and BS-QVCO has been

obtained by building a BS-QVCO (Fig. 4) around the same LC

tanks as the TS-QVCO in [3], although such a layout is sub-op-

timal, as explained in Section IV. As a consequence, the esti-

mated at 2 GHz is approximately six, while it was eight when

the same tank was used in a (nonquadrature) differential VCO

[17]. The center-tapped inductor had an estimated inductance

value of approximately 2 1.2 nH, and MOS devices working

in accumulation/depletion were adopted as varactors. The whole

tank capacitance was made of the parasitic capacitances of the

transistors and of the metal routings. Table III shows dimensions

and values for the various components in the BS-QVCO, which

was optimized for phase-noise performances.
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Fig. 3. Four-inductor design of the LC tanks. The sum of the magnetic fields
generated by L1a and L1b is ideally zero at each of the two inductors L2a and
L2b (and vice versa).

Fig. 4. Die photograph of the BS-QVCO (1.4 mm � 0.9 mm).

All measurements on the BS-QVCO have been performed

with a power supply as low as 1.3 V, for a current consump-

tion of 16 mA. The QVCO could be tuned from 1.91 GHz to

2.27 GHz, for a tuning range of 17%. The phase noise at 3 MHz

offset frequency from the carrier was 140 dBc/Hz or lower

across the tuning range (Fig. 5). Fig. 6 shows the phase-noise

TABLE III
DIMENSIONS AND VALUES FOR THE BS-QVCO

Fig. 5. Measured phase noise for the BS-QVCO at 3 MHz offset frequency.

plot for the highest oscillation frequency. According to (11), and

using the data in Fig. 5, the minimum phase-noise FoM across

the tuning range is 184 dB, which is no less than 6 dB higher

than the minimum FoM displayed by the TS-QVCO in [1] (ap-

proximately 2 dB are accounted for by the lower power supply,

and one more dB is due to the fact that the tuning range for

the TS-QVCO was shifted some 200 MHz down in frequency,

which resulted in a slightly lower LC-tank at the lowest os-

cillation frequencies). This comparison shows that BS-QVCO

is capable, at least in these experiments, to behave closer to the

ideal case than the TS-QVCO. In fact, substituting the relevant

data in (6), and assuming that the tank resistances are respon-

sible for approximately 50% of the phase noise generation (see

Table II), the calculated phase noise is at most only 1 dB lower

than measured (the main uncertainty in this comparison being

the exact value of the tank-Q).

Another interesting comparison is that between the phase-

noise FoM for the BS-QVCO and that for the differential VCO

presented in [17], which covered approximately the same fre-

quency range, and whose LC tank (based on exactly the same

center-tapped inductor) had a of eight at 2 GHz. This VCO

has a minimum FoM of 183 dB, which is 1 dB lower than the

minimum FoM for the BS-QVCO. This is even more remark-

able considering that the VCO in [17] made use of two noise re-

duction techniques, the on-chip noise filter [18] and the off-chip

inductive degeneration of the tail transistor [17], which greatly

enhanced its FoM. For the BS-QVCO it has been checked that

the noise filter (implemented in a second, otherwise identical

QVCO design) does not lead to an increase of the minimum

FoM, while inductive degeneration increases it by 1 dB at most,

too modest an improvement to grant the use of an external com-

ponent.
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Fig. 6. Measured phase noise for the BS-QVCO at 2.27 GHz oscillation frequency.

Fig. 7. Upconverted baseband signals and LO leakage for the BS-QVCO at
2.1-GHz carrier frequency (IBR = 43 dB, minimum measured value across
the tuning range).

As mentioned in Section IV, the phase error is measured as

the IBR in an SSB up-converter, identical to the one used in [1].

Thus, the IBR is comprehensive not only of the mismatches

in the QVCO, but also of those in the SSB-mixers and in the

4-stage RC polyphase filter used to generate the quadrature

baseband signals. In all five measured samples the IBR is

50 dB or higher at the lower oscillation frequencies, and de-

creases rather sensibly with increasing oscillation frequencies,

probably indicating that varactor mismatches are the dominant

cause for the phase error. Fig. 7 shows the minimum IBR

(43 dB) measured for these samples. Assuming that the IBR

is entirely caused by a deviation from quadrature of otherwise

ideal sinusoidal outputs, simulations for the upconverter in-

dicate that an IBR of 43 dB is equivalent to a phase error of

approximately 0.6 between the and phases. As expected

Fig. 8. Chip photograph of the new TS-QVCO, together with the SSB
upconversion circuits (1.5 mm � 1.8 mm).

from IBR simulations [2], this phase error is larger than the

0.25 measured for the TS-QVCO.

B. QVCOs With Four Coils

As discussed in Section IV, both circuit analysis and simu-

lations indicate that a parasitic mutual inductance between the

tanks of the coupled VCOs is a major cause of phase error in a

QVCO. In order to measure directly the impact of the mutual in-

ductance on the phase error, two new four-coil TS-QVCOs were

designed, identical in all respects, except that in one of them (re-

ferred to as TS-swap) the directions of two magnetic fields were

reversed, so that the magnetic coupling between the two differ-

ential VCOs was doubled instead of nulled. Fig. 8 shows the

die photo of the new TS-QVCO, whose layout is now highly
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Fig. 9. Measured IBR for the TS- and TS-swap QVCOs across the tuning
range.

quad-symmetrical.9 The four inductors are placed as close as

possible to each other, in order to minimize the loss caused by

the connections. Four metal layers of standard thickness were

now available in the same basic CMOS process previously used,

and the 1.1 nH inductors made use of the top three layers. The

inductor Q, simulated following the theory in [20], was nine at

2 GHz.

Fig. 9 shows the measured IBRs for both a TS- and a TS-swap

QVCO, where the data is representative for all measured spec-

imens. At low oscillation frequencies, the TS-QVCO presents

an IBR as much as 17 dB higher than that for the TS-swap

QVCO, which proves that the mutual inductance effect really is

the dominating cause of phase error in the TS-swap design. The

IBR drop at higher oscillation frequencies for the TS-QVCO

is again very likely due to the accumulation-mode varactors,

which obviously match poorly when working in the depletion

region; this should be easily remedied by adopting a mixed-

mode tuning approach, which allows for smaller continuous-

tuning devices. The equivalent phase error is at most approx-

imately 1 across the tuning range. We can add that the best

IBR for this TS-QVCO is some 8 dB lower than the IBR for the

TS-QVCO in [1], which probably indicates that the phase error

in the new TS-QVCO is actually still dominated by the residual

mutual inductive coupling between the two inductor pairs.

Finally, the phase noise for the TS-QVCO was 140 dBc/Hz

at 3 MHz frequency offset, for a current consumption of 16 mA

from a 2 V power supply, resulting in a phase-noise FoM of 182

dBc/Hz. This is as much as 4 dB higher than the FoM of the

TS-QVCO in [1], although the comparison is slightly biased by

the fact that a fourth metal layer was available in the second

experiment.

VI. CONCLUSION

This paper has presented an analytical study of the phase

noise in multiphase LC tank oscillators, deriving explicit

phase-noise formulas for the noise contributions of the tank

losses. As a result, the comparison between different VCO im-

9A quad-symmetric layout has already been proposed in [19], where the effect
of the parasitic magnetic coupling was not treated. The symmetry of the layout
must be such that this effect is suppressed, as explained above.

plementations, and even between VCOs with different numbers

of phases, can be made with little additional effort.

The analysis has made use of Hajimiri’s phase-noise theory

in its closed-form formulation, and a proof of the correctness of

the approach was also supplied.

The newly derived results, together with spectreRF simula-

tions, were used to assess the performances of two quadrature

VCOs, referred to as TS-QVCO and BS-QVCO, which were

found to possess excellent capabilities. A 0.35 CMOS pro-

totype for a 2-GHz BS-QVCO showed a phase error of 0.6 and

a phase noise of 140 dBc/Hz or less at 3 MHz offset frequency

from the carrier, for a current consumption of 16 mA from a 1.3

V power supply, resulting in a phase-noise FoM of 184 dBc/Hz.

This is close to the maximum FoM that can be expected in the

technology used.

Phase-error measurements on later QVCO designs suggested

that the parasitic mutual inductive coupling between the two

center-tapped coils in the QVCOs could play a dominant role

in the generation of the phase error. This hypothesis was con-

firmed by data taken on two more TS-QVCO prototypes, where

a technique for greatly reducing this cause of phase error was

also adopted with success. As a results, more compact layouts

are feasible, resulting in higher quality factors for the LC tanks,

and higher oscillation frequencies.

APPENDIX A

In the following, we will show that in a multiphase LC-tank

oscillator the phase noise generated by the noise current source

in each tank is very well approximated by (6), when is given

by (4). To do so, we follow the approach by Kärtner [5], who

studied the deviations from the stable limit cycle in the oscillator

caused by stochastic noise sources. The reader is of course re-

ferred to [5] for the complete theory; in the following (14)–(22),

taken directly from [5], the original notation is conserved.

The oscillator is a dynamic system described by the system

of nonlineal differential equations

(14)

where is the vector of state variable (i.e., voltages across ca-

pacitors and currents through inductors), and is the vector of

the noise sources.

If the noise sources are white, we can expand (14) linearly in

as

(15)

where

(16)

This approximation of (14) is justified by the smallness of the

noise sources. We now assume that the noise sources cause to

deviate from the stable limit cycle , and we can write

(17)

where is the excess phase and is the deviation perpen-

dicular to the limit cycle.
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Defining , it can be shown that

(18)

where

(19)

(20)

with

(21)

(22)

The prime symbol at the exponent denotes derivation with re-

spect to the argument. The term in in (18) yields ultimately

the excess phase generated by the noise sources acting in the di-

rection parallel to the limit cycle, which is the same as the excess

phase given by (1). The term in , on the other hand, gives the

excess phase generated by noise sources orthogonal to the limit

cycle, of which (1) takes no account. While the sum of the two

contributions from the and terms is constant (the concept of

excess phase would not have any physical meaning otherwise),

the individual contributions are not constant in the general case,

but are dependent on the state variable used. The problem can

also be reformulated in such a way that the excess phase is in-

dependent of the “orthogonal” noise sources [6].

We will show next that the state variables in an LC-tank oscil-

lator can be chosen in such a way that almost vanishes, so that

the only significant causes of excess phase are the noise sources

acting in a direction parallel to the limit cycle, and therefore (1)

is applicable.

A. Calculations on a Simple LC-Tank Oscillator Model

We will treat here the case of a single LC-tank oscillator

for simplicity, but it will be clear that the approach is readily

extended to the general case. With reference to Fig. 10, and

choosing as state variables the voltage across the capacitor and

the current flowing into the inductor, we obtain:

(23)

(24)

We now normalize (24) by multiplication with the impedance

, obtaining the equation

(25)

Fig. 10. Simple model of single-ended LC-tank oscillator.

so that the new state equation system becomes

(26)

(27)

We proceed by noting that if the of the tank is even moder-

ately high, the oscillation at the tank output is, with very good

approximation, a sinusoid with angular frequency ; therefore,

with arbitrary phase for , we can write

(28)

where is the amplitude of the oscillation. The expression for

follows immediately from (27) and (28):

(29)

The crucial result yielded by normalization (25) is that

has the same amplitude as .

Identifying now with and with , we

obtain from (21)

(30)

and from (22)

(31)

We are now ready to calculate the two components of the vector

appearing at the numerator of :

(32)

(33)

Thus, we see from the above equations that the large terms in

cancel out, and it is elementary although tedious to check

that this happens only if the normalization (25) is used. In gen-

eral, (32) is not identically zero, since the two terms and

do not cancel each other, not even averaged across

an oscillation period; in fact, the term cannot
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Fig. 11. Changes on the relative phases of the two steady-state phase-opposed waveformsV andV , in presence of a single-ended noise impulse onV .V
and V are the waveforms when the noise impulse is removed.

be just a constant negative conductance, since it must include

the nonlinear drop in conductance for large values of ,

essential for limiting the oscillation amplitude in any real-life

oscillator. At any rate, spectreRF simulations show that the re-

maining excess phase contribution from in (18) is negligible,

compared to the term in , already for a moderate LC-tank Q,

a fact that renders the phase noise caused by the tank resistance

remarkably independent of the nature of the loss compensation

in the oscillator. At the same time, it is immediate to show that

the very normalization (25) results in (4) (with for the

example treated here), which is the sought result.

Lest it might be thought that the above proof is superfluous,

it can be easily checked that (1) yields wrong results in general,

when applied to the circuit in Fig. 10 with the tank inductance

replaced by a gyrator-capacitor circuit, i.e., when

(34)

where the particular values of capacitance , and of gyrator

transconductances and , are arbitrary, as long as the

value of is kept constant. The voltage across is now

the second state variable of the circuit, and it is easy to check

that has a peak value dependent on the ratio of to .

Therefore, in (1) comes to depend on this ratio, which is

wrong, since the way is implemented cannot affect the phase

noise generated by (the skeptical reader can easily check this

through numerical simulations).

APPENDIX B

The purpose of this appendix is to give an intuitive proof of

the fact that the phase noise of an oscillator is independent of

the node, or combination of nodes, where it is measured [12].

Once again, we make use of the ISF theory, where the phase

noise is modeled as an excess phase, introduced in the oscilla-

tion by a noise source. As long as this is true, it is immediate

to realize that the phase noise is independent of the circuital

node where the phase noise is measured, since at steady state

all voltages and currents in an oscillator are linked by well-de-

fined and constant phase relations. As an example, we can see

that the two signal and in Fig. 11 recover the steady-state

phase-opposition relation a short time after the appearance of

the noise impulse on signal . This means that the noise im-

pulse has caused the same excess phase in both signals, which

in turn implies that they display the same phase noise. It should

be noted that this is true even if the two signals have different

amplitudes, since the excess phase is the same for both, indepen-

dently of the respective amplitudes (if this result sounds incor-

rect, it may be considered that the carrier-to-sideband ratio in a

frequency-modulated sinusoid is only dependent on the modu-

lation index, and independent of the amplitude of the sinusoid).

However, it should not be concluded from this that all nodes are

affecting the phase noise performance in the same way, since

the generation of phase noise may be dominated by only one

or a few of them; what is true is that the generated phase noise

affects all nodes in the same way.

Another way of describing the above result is the following:

the excess phase detected at one node is perfectly correlated to

the excess phase detected at any other node. Thus, whether the

phase noise is measured single-ended, or differentially, or even

“quad-differentially,” both signal power and noise power are in-

creased by the same factor, leaving the phase noise unaltered.
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