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Abstract M., placed at the bottom a¥#/,,,. This is the bottom-
series QVCO (BS-QVCO, Fig. 1(c)). Simulations show
This paper presents a quadrature VCO implemented that the BS-QVCO has a higher phase-noise figure-of-
in a standard 0.3am CMOS process. The VCO draws merit (FoM) than the P-QVCO when both BS-QVCO and
16 mA from a 1.3V power supply, can be tuned betweenp.QvCoO display the same phase error; further, both sim-
1.91GHz and 2.27 GHz, and displays a phase noise of yjations and measurements show that the BS-QVCO has

—140dBc/Hz or less at 3MHz offset frequency from the gz higher phase-noise FoM, but also a higher phase error,
carrier, for a minimum phase-noise figure-of-merit of than the TS-QVCO.

184 dB. The maximum departure from quadrature between
the VCO phases is 0:6 2. Comparing different QVCOs

1. Introduction The issue of how two different QVCOs can be com-
pared in a fair and meaningful way is less trivial than it

The theory and practice of monolithic quadrature might seem at first sight, since the two qualifying data for
voltage-controlled oscillator (QVCO) design has recently 4 QVCO, phase noise and phase error, are in general not
made significant progresses. The original QVCO [1] jndependent of each other. This is especially evidentin the
based on the cross-coupling of two differential LC-tank ¢55e of the P-QVCO, where both phase noise and phase
VCOs, with the coupling transistor®/.,; placed in par-  grror are strong functions of, defined as the ratio of the
allel with the switch transistord/,,, (Fig. 1(a), where width W,,; of transistorM.,; to the widthW,,, of tran-

cal components have been named only once), was knownjength):

to have a poor phase-noise behavior (although recent re- Wept

sults [2] seem to contradict the previous experience; this O= gy 1)

issue well be clarified in the next section). This QVCO de-
sign will be referred to as the parallel QVCO (P-QVCO). To see how the phase error varies withthe single-
Two modification of the P-QVCO have recently appeared sideband (SSB) upconversion circuit [1] [5] in Fig. 2 has
in the literature. In the first case, phase shifters have beenbeen used, so that the overall phase/amplitude errors be-
introduced between cascaded LC-resonators [3], allowing tween the phases, very difficult to measure directly in a
each resonator to be optimally driven at zero-degree phasereliable way, are translated into the ratio of the wanted
shift [4]. The second approach consists in cross-coupling upconverted band, to the unwanted, image band (to be re-
the two differential VCOs in the QVCO by placing .,; ferred to as Image Band Rejection, IBR). In the case of
in series withA/,,, [5], rather than in parallel (Fig. 1(b)). the P-QVCO, simulations show that a mismatch of 0.1%
This choice is motivated by the fact thaf., in the between the two LC-tanks results in an IBR of 70 dB for
P-QVCO is responsible for a large contribution to the a = 1, which drops to 60dB for = 1/2, and to 49dB
phase noise, and connectifg,.,,; in series withA/g,,, in for a = 1/3. Clearly, the phase error gets quickly larger
a cascode-like fashion, should greatly reduce the noisewhen the coupling between the two VCOs in the P-QVCO
from the cascode device. This is indeed confirmed by is weakened by decreasing On the other hand, it is
simulations. Since in this cas¥.,; is placed on top of  easy to check that the phase noise, too, greatly decreases
M,,,, we will refer to this design as the top-series QVCO with a decreasingv. Thus, it is straightforward to im-
(TS-QVCO). prove the phase-noise performance of the P-QVCO at the
This paper presents an alternative way of achieving a expense of its phase-error performance. This is the case
series connection betwe@ét,,; and M, this time with for the already mentioned P-QVCO presented by Tiebout
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Figure 4. IBR for TS-QVCO and BS-QVCO.
[2], where a very high phase-noise FoM, the highest to

date for QVCOs, was achieved by choosing- 1/3. of mismatch between ideally identical components), once

Since we have seen that phase noise and phase erroﬁhE QVCO architecture has been selected. In the case of
are in general not orthogonal (and can be traded for eachthe BS-QVCO, assuming again a 0.1% mismatch between
other in the P-QVCO), it is not enough to compare only the LC-tanks, the achievable IBR is 51 dB, that is, approx-
the phase-noise FoM between different QVCOs. If pos- imately the same IBR displayed by the P-QVCO when
sible, the phase-noise FoM should be compared when thea = 1/3. If we now compare the phase noise displayed
same level of component mismatch causes the same phaseY the P-QVCO and the BS-QVCO (Fig. 3; varactors were
error. This is certainly possible when comparing the P- removed in these simulations, so that the resulting phase
QVCO and the BS-QVCO (or the TS-QVCO), since we hoise is due to the oscillator topology alone), when both
have seen that the phase error in the P-QVCO can be tuned?VCOs have the same IBR, center frequency, and power
by changingx. In the case of the series-QVCOs, on the consumption, there will be no doubt that the BS-QVCO
contrary, the phase error is almost independentfoi all does outperform the P-QVCO.
reasonable values fer. This means that, while we can BSQVCO versus TS-QVCO. The two series-
choose the value far which minimizes the phase noise, QVCOs present different phase-noise and phase-error
the phase error cannot be improved by allowing a higher characteristics. IBR simulations, performed again in pres-
phase noise. In this case, the phase error acts more like a&nce of a 0.1% mismatch between the LC-tanks, show
design constant (dependent of course on the actual amounthat the IBR for the TS-QVCO is as high as 61 dB, which
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e 17%. The phase noise at 3MHz offset frequency from
the carrier was-140 dBc/Hz or lower across the tuning
range (Fig. 7). Fig. 8 shows the phase-noise plot for the
highest oscillation frequency. The FoM for the QVCO is
calculated according to the commonly adopted formula

FoM = 10 log ((ALfY 7L(A1f) P), @)

BS-QVCO T
wheref, is the oscillation frequency f is the offset fre-
'« 10K freq (h) e 1ov quency,L(Af) is the phase noise akf, and P is the
power consumption in mW. Using the data in Fig. 7, the
minimum value for the FOM across the tuning range is
184 dB, which is no less than 6 dB higher than the mini-
mum FoM displayed by the TS-QVCO [5] (approximately
Table 1. Dimensions and values for BS-QVCO and mixer 1dB can be accounted for by the fact that the tuning range

Figure 5. Phase-noise comparison between TS-QVCO
and BS-QVCO.

components. for the TS-QVCO was shifted some 200 MHz down in fre-
: quency, which resulted in a slightly lower LC-tank Q at
Transistors the lowest oscillation frequencies). It is worth emphasiz-
Mepi 400um x 0.35um ing that, contrary to common practice, it is thenimum
Mw 80Qum x 0.3um FoM that truly matters.
Myaractor 120Qum x 0.35um Possibly even more striking is the comparison be-
Mgye 200Qum x 1.0um tween the FoM for the BS-QVCO and that for the non-
Mizer 10Qum % 0.6um quadrature VCO presented in [6], which covered approxi-
Reactors mately the same frequency range, and whose LC-tank had
Ltank ~ 2.3nH a Q of eight at 2GHz. This VCO has a minimum FoM
Qofthe LC-tank = 6at2.0GHz of 183dB, that is, 1 dBower than the minimum FoM for

the BS-QVCO. This is even more remarkable considering
is 10dB higher than the IBR value obtained for the BS- thatthe VCO in [6] made use of two noise reduction tech-
QVCO (Fig. 4). At the same time, phase-noise simula- hiques, the on-chip noise filter [7] and the off-chip induc-
tions performed for the same center frequency and powertive degeneration of the tail transistor [6], which greatly
consumption yield a considerably lower phase noise for enhanced its FoM. For the BS-QVCO it has been checked
the BS-QVCO, especially at higher offset frequencies that the noise filter (implemented in a second, otherwise
(Fig. 5; even in this case all varactors were removed). It identical QVCO design) does not lead to an increase of the
should be added that both IBR and phase-noise data argminimum FoM, while inductive degeneration increases it

somewhat dependent on the Q of the LC-tanks. by 1dB, too modest an improvement to grant the use of
an external component. It is worth noting that the min-
3. Measurement results imum FoM for the BS-QVCO is approximately 2.5dB

higher that that for the QVCO in [3], which was built in

The BS-QVCO has been designed in a standard a much more advanced CMOS process (this comparison
0.35um CMOS process with only three metal layers is based on the usual definition of phase noise, and not
of thickness less thanuin each. MOS devices work- on the "quadrature” phase noise defined in [3]). As a last
ing in accumulation/depletion were used as varactors. phase-noise comparison, the P-QVCO in [2] displays a
Table 1 shows dimensions and values for the various minimum FoM 1dB higher than the minimum FoM for
components in the BS-QVCO and in the mixer used in the BS-QVCO,; yet, this very good phase-noise behavior
the SSB upconverter. The BS-QVCO makes use of the is most likely obtained at the expense of the phase er-
same LC-tank layout that was adopted for the TS-QVCO ror, as explained in the previous paragraph (the phase er-
presented in [5], in order to make a comparison as ro- ror reported in [2] is indeed very large, but was obtained
bust as possible, although it should be recognized thatthrough unreliable off-chip measurements).
such a layout is clearly suboptimal, due to the very long  As previously explained, the IBR was measured with
interconnections between the two inductors, which intro- the SSB upconverter in Fig. 2, and the IBR data are of
duce significant additional resistive losses (Fig. 6). As a course comprehensive not only of the mismatches in the
consequence, the estimated Q at 2 GHz is approximatelyQVCO, but also of those in the mixers and in the 4-stage
six, while it was eight when the same tank was used RC polyphase filter used to generate the quadrature base-
in a non-quadrature VCO [6]. All measurements have band signals. In all five samples the IBR is 50dB or
been performed with a power supply as low as 1.3V, for higher at the lower oscillation frequencies, and decreases
a current consumption of 16 mA. The QVCO could be with increasing oscillation frequencies, possibly indicat-
tuned from 1.91 GHz to 2.27 GH, for a tuning range of ing that varactor mismatches are the dominant cause for
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Figure 8. Phase noise for the BS-QVCO at 2.27 GHz
oscillation frequency.
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the phase error. Fig. 9 shows the minimum IBR (43dB)

measured for these samples. Assuming that the IBR is en- =" ———————— yr— —
tirely caused by a deviation from quadrature of otherwise o:.: 21.0EC.2001 13:33:02

ideal sinusoidal outputs, simulations for the upconverter

indicate that an IBR of 43dB is equivalent to a phase er- Figure 9. Upconverted baseband signals and LO leakage
ror of approximately 0.6 between the | and Q phases. As at 2.1 GHz carrier frequency (IBR = 43 dB, minimum
could be expected from the results of the IBR simulations, BR value across the tuning range).

this phase error is larger than the ?25easured for the

TS-QVCO [5]. [2] M. Tiebout. "Low-Power Low-Phase-Noise Differentially
. Tuned Quadrature VCO Design in Standard CMOIEEE
4. Conclusions JSSC, Vol. 36, NO. 7, pp. 1018—1024ly 2001.

A new CMOS QVCO, the BS-QVCO, has been pre- [3] P. Vancorenland and M. Steyaert. "A 1.57 GHz Fully inte-
sented. Compared to the well-known P-QVCO, the BS- grated Very Low Phase Noise Quadrature VCO”.Piroc.
QVCO displays a higher phase-noise FoM in presence of 2001 Symposium on VLSI Circuits, pp. 111-1luhe 2001.
the same phase error. Further, the BS-QVCO has a highel4] P. van de Ven, J. van der Tang, D. Kasperkovitz, and A. van
phase-noise FoM than the TS-QVCO (yet another QVCO Roermund. "An optimally coupled 5 GHz quadrature LC

architecture), at the expense of a higher phase error. oscillator”. InProc. 2001 Symposium on VLSI Circuits, pp.
115-118 June 2001.
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