A Differential Colpitts-VCO Circuit Suitable for Sub-1V Low Phase Noise Operation
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ABSTRACT

This paper proposes a differential Colpitts-VCO circuit suitable for low phase noise oscillation at the sub-1V supply voltage.
Oscillation with low phase noise at the sub-1V supply voltage is facilitated by employing inductors as the current sources of the
proposed circuit. One of the two feedback capacitors of the single-ended Colpitts oscillator in the proposed circuit is replaced with
the MOS varactor in order to further reduce the resonator loss. Post-layout simulation results using a 0.18 ym RF CMOS
technology show that the phase noises at the IMHz offset frequency of the proposed circuit oscillating at the sub-1V supply
voltages of 0.6 to 0.9 V are at least 7 dBc/Hz lower than those of the well-known cross-coupled differential VCO.
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| . Introduction development of low-voltage RF circuits integrated

into a single silicon die together with digital

It has been predicted that the supply voltages of  circuits [1]. Compared to the widely used CMOS
low-power digital circuits would reduce to 05V in  cross-coupled VCOs, NMOS or PMOS only
the near future, which imposes a challenge to the cross—coupled VCOs without current sources [2]-[4]
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are more suitable for the sub-1V operation because
they have no voltage head rooms cut down by
current sources and/or their complementary
MOSFETs [3]. However, they have a shortcoming
that the resonator voltage swing is constrained by
supply voltage Vpp [5]. This implies that phase
noise performances of NMOS or PMOS only
cross—coupled VCOs degrade as the power supply
voltages scale down toward sub-1Vs since the
phase noise is inversely proportional to the
amplitude of the resonator voltage swing [5], [6].
To overcome the problem of the Vpp-constrained
signal swing, the oscillators with tapped resonators,
e.g. Colpitts/Clapp oscillators can be considered [5].
As a differential

implementations of the Colpitts/Clapp oscillators

matter of fact, various
which demonstrate good phase noise performances
have been presented in [7]-[11]. Most of them,
however, employ the additional cross—coupled circuit
stacked on the Colpitts/Clapp core connected to Vpp
or ground. Thus they are not suitable for the
sub-1V  operation due to the voltage headroom
occupied by the additional cross—coupled circuit.

In this paper, we propose a differential
Colpitts-VCO circuit which excludes the additional
cross—coupled stage. Thus, the proposed circuit is
suitable for the sub-1V operation. The sub-1V
further facilitated by
inductors as the current sources of the circuit.

operation  is employing
Additionally, we use the MOS varactor as one of
the two feedback capacitors of the single—ended
Colpitts circuit in order to further reduce the
resonator loss. The proposed circuit is verified
through the circuit simulation using the 0.18 ym RF

CMOS technology.

Il. Proposed Differential Colpitts-VCO
Circuit

For the sub-1V  operation,

differential ~ Colpitts-VCO

our proposed

circuit excludes the

cross—coupled stage as opposed to the conventional
ones [9]-[10] which exploit the cross—coupled stage
Instead, the
current source 1S brought back as used in the

to boost up the tansconductance.

conventional Colpitts—-VCO. The resultant circuit is
shown in Fig. 1 (a). As shown in the figure, for
the implementation of the current source, we
employ the inductors (Lgei,Lse2) rather than the
transistors or resistors. This leads to as high a
drain-to-source and a source-to-gate bias voltage
as possible at a given source supply voltage Vss
because the Vss is directed to the sources of the
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Fig. 1 Proposed VCO and its related circuits.

transistors(M1,M2) without any dc-voltage drops
between Vss and the sources. Thus, the utilization
of the inductor for the current source brings about
larger source current as compared to the use of the
transistor for the current source, which in tumn
leads to larger tansconductance thereby causing
larger resonator signal swing. This nature is
beneficial in the
sub-1V
transistors acting as current sources are nearly in

especially sub-1V  operation

because at the supply voltages, the
the triode region thereby failing to generate
stable
start-up of oscillation and developing such large

sufficient source currents for ensuring
signal swings that make phase noises low enough
to be used in typical VCO applications. For the
relatively high frequency region, e.g., above 3 GHz,
the standard inductor in the 0.18um RF CMOS
technology can realize Lga and Lge since it
exhibits enough impedance to carry out the function
of the current source for such a high frequency
region. The PMOSFETs are used to make the
phase noise due to the flicker noise as low as
possible.

A conventional differential Colpitts VCO with the
series-tuned resonator [9] locates the varactor Cya
between the inductor L. and the gate of MI; the
varactor Cya2 between the inductor Lr and the gate
of M2. However, as shown in Fig. 1 (a), our

proposed VCO pushes Cya1 and Cyuo into the left

and right active part producing the negative
resistances, respectively. This arrangement of Cyal
and Cyao further reduces the resonator loss by the
parasitic resistance values associated with the
feedback capacitances replaced by Cyat and Cyao.

L1 and Lgr constitute the resonator together with
the feedback capacitances (Cp, Cgr), varactor (Cyu,
Cva), and the parasitic capacitances associated with
the transistors (M1, M2). L;, and Lr have the same
inductance Liun/2; Cr and Cr the same capacitance
Ci; Cyar and Cyae the same variable capacitance
Cva. Lp and Lg are implemented by asymmetric
spiral inductor with center tap, which has the
Ltanio C. and Cr by
metal-insulator-metal capacitors; Cya1 and Cyae by

inductance

MOS varactors. The equivalent circuit of the Fig.l
(a) is depicted in the Fig.l (b). Risst and Riess2
represent the equivalent resonator losses associated
with the left and right half circuit of the Fig.l (a),
respectively. They are assumed to have the same
resistance Rpsy/2 due to the symmetry of the
proposed VCO (Riss denoting the equivalent total
loss of the resonator is almost determined by the
loss of the symmetric spiral inductor). R.u and
Ract2 represent the negative resistances of the left
and right active part, respectively. They are also
assumed to have the same resistance Ru: due to
the symmetric structure of the left and right active
part. At the steady state of oscillation, the Riossi
and Riss2 are exactly compensated by the R.u and
Racto, respectively. Thus, the equivalent circuit is
reduced to a simple L-C resonator with the
inductance of L and the capacitance of Ca/2
(Cat represents the equivalent capacitances of the
left or right active part).

For a given oscillation current phasor I, as
shown in Fig. 1 (b), the oscillation voltage phasor
Vg and Vg at the node 1 and 2 are given by
Varmilos/ (0Caet)  and  Vo=—jlos/(@Caet), respectively,
which means that Vg, the gate voltage of MI1
in Figl (a) in 180 degree

shown is  exactly



FRAAEA T =EA A6d ALS

out-of-phase from Vg, the gate voltage of M2.
Indeed, the simulated waveforms of Vg and Vg
shown in Fig.l (c¢) indicate that they are exactly in
180 degree out-of-phase from each other, ie., they
differential mode. A PMOS
cross—coupled VCO mentioned in the next section

behave in the

for comparison with the proposed VCO is shown in
Fig. 1 (d). It employs the exactly same inductor
Lk as the proposed VCO for comparison.

[ll. Comparisons of Proposed and
Cross-coupled VCO

The post-layout simulated amplitudes of the
oscillation voltages of the proposed VCO and
PMOS cross—coupled VCO in Fig. 1 (d) change
with supply voltages Vss as shown in Fig. 2(a).
For possibly valid comparison,
inductors Luw for the implementation of the
resonators of both VCOs, and tune both VCOs at
the same frequencies. For Ly=3.31 and 2.14 nH,
the amplitudes of the proposed VCO for various

we use same

supply voltages are always much larger (about 1.5
to 1.7 times larger) than those of the cross—coupled
VCO. From the figure, we observe that for a given
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Fig. 2 Comparisons of proposed and cross—coupled
VCO.

supply voltage Vss, the oscillation amplitude of the
cross—coupled VCO is actually limited by the supply
voltage in accordance with our expectation, whereas
proposed VCO swings with much larger amplitude
than the supply voltage. For both of Li=3.31 and
2.14 nH, this leads to about -6 dBc/Hz lower phase
noises of the proposed VCO than those of the
cross—coupled VCO as shown Fig.2 (b). Figure 2
(b) also shows that the proposed VCO can oscillate
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with the phase noise of -1087 dBc/Hz for
Liank=3.3InH and -103.3 dBc/Hz for Liwc=2.14 nH at
1 MHz offset frequency even at the supply voltage
of 0.2 V, whereas the cross—coupled VCO ceases to
oscillate at the supply voltages lower than 0.6 V.
For the two different inductors, Fig. 2 (c) compares
the power consumptions of the proposed VCO with
those of the cross—coupled VCO. The figure
indicates that for a given supply voltage, the
proposed VCO consumes much more power than
the cross—coupled VCO (this is one of well-known
characteristics of Colpitts oscillators). The figure of
merit (FoM) of the proposed VCO are in the range
of -190.3 to -191.8 dBc/Hz for the supply voltages
of 03 to 1 V. They are slightly lower than but
actually same as those of the cross—coupled VCO
since the lower phase noises of the proposed VCO
compared to those of the cross—coupled VCO are
cancelled by the higher power consumptions of the
proposed VCO. The gate bias voltages Vbias of the
proposed VCO at the given supply voltages are
adjusted to develop two to three times larger
negative resistances Ract than the half of the
inductor loss Rtank
start-up of oscillation. For the inductors of
Lan=3.31 and 2.14 nH, the oscillation frequencies of
both VCOs have been tuned at about 56 and 6.6
GHz, respectively. The values of C. (=Cgr) and Cyan
(=Cya2) used for the simulation of the proposed
VCO have been about 5632 and 751.6 f{F,
respectively. The proposed, and cross—coupled VCO

in order to ensure stable

have the transistor sizes of 200 ym/0.18 pm, and
100 ym/0.18 um, respectively. Figure 2 (d) shows
the layout of the proposed VCO which ocupies the
area of 0. 9x1.4 mm’.

The performance comparisons of the proposed
VCO and other previously reported VCOs using
sub-1 V supply voltages are summarized in Table
1. From the table, we notice that the phase noise
performance of the proposed VCO for VSS=0.7V is
remarkable among the results reported for the

VCOs with sub-1V supply voltages and the center
frequencies above 3 GHz. We also notice that FoM
of the proposed VCO is comparable to the results
reported thus far.

Table 1. Performance comparison with previous

reports

2 | @ | n2 | g | g | 0O | This
(sim.) | (sim.)

Tech.(um) | 0.18 | 0.09 | 013 | 018 | 0.18 | 0.13 | 018
Freq. - - -
iy | 14385 | 358 | 545 | 85 | 52 | 564
Suplv VoIt 035 | 022 | 03 | 06 | 07 | 05 | 06
P(ﬁé%}szl)Z 129 11297 | -116.88 | -111.5 121.6 117 1233
Poc (mW) | 146 | 033 0225 69 | 6 | 2 | 443
(dg?/l}/[‘lz) =190 | -18879 | -194.43| -177.8 | -190 -183 | -191.8
Tuning -
Range (0| 297 | 51 | 204 | 212 | 47 | 112 | 75

IV. Conclusions

A differential Colpitts—VCO circuit suitable for
low phase noise oscillation at sub-1V  supply
voltages has been proposed. The sub-1V oscillation
is facilitated by employing inductors as the current
sources. The post-layout simulation result reveals
that the proposed VCO exhibits much
resonator signal swings than the PMOS
cross—coupled VCO at the sub-1V supply voltages.

larger
only

This causes the proposed VCO to have much lower
phase noises at the sub-1V supply voltages as
compared to the cross—coupled VCO. However, the
proposed VCO consumes much more power than
the cross—coupled VCO. Thus, the proposed VCO is
suitable for the which
stringent phase noise performance at the sub-1V

more applications  in
supply voltages is required, but power consumption
is not so important. The post-layout simulated
phase noise performance of the proposed VCO at
sub-1V supply voltage is remarkable compared to
the results reported for the VCOs with sub-1 V

11
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supply voltages and the center frequencies above 3
GHz. FoM of the proposed VCO is comparable to
the results reported for the VCOs with sub-1 V
supply voltage.
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