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Abstract — Low power RF operation is often limited by
the poor quality factor of the passives available in silicon-
based processes. This paper reports on a LC-tank VCO
incorporating micromachined inductors and capacitors for
low power operation without sacrificing performance. Only
2.75 mW of power is needed to achieve -122 dBc/Hz phase
noise at 1 MHz from a 2.84 GHz carrier.

Index Terms — voltage controlled oscillators, phase noise,
micromachining, inductor, varactor, Q factor.

I. INTRODUCTION

Portable mobile communications systems inevitably
require low power operation. The power needed to achieve
desired RF performance is dictated by process technology,
in particular the Q-factor of the passives. Silicon-based
passives inherently suffer from low Q-factors. Recent pro-
cessing enhancements to improve Q include thicker metal-
lizations and thicker dielectric spacer layers as well as
higher substrate resistivity. Post-foundry micromachining
enables integration of RF electronics with RF MEMS sus-
pended inductors [1] and MEMS capacitors [2]. It further
enhances the Q factor of the MEMS passives needed for
the design of low power oscillators with low phase noise.
Although MEMS inductors were integrated with electron-
ics about 10 years ago [3], recent RF MEMS inductors [4]
and capacitors [5] have used customized processing, pre-
venting integration. The oscillators in this paper use a
foundry fabricated interconnect stack for the RF passives,
enabling monolithic integration with electronics, and elim-
inating losses arising from bonding custom fabricated RF
MEMS passive chips to electronics ICs.

II. PHASE NOISE IN A DIFFERENTIAL LC VCO

The cross-coupled differential configuration is used for
the VCO as shown in Fig 1. The LC tank consists of micro-
machined inductor, micromachined capacitor (for digital
tuning) and varactor diode (for analog tuning). The current
source shown in the figure is implemented by a bipolar
current mirror, which mirrors current from an off-chip
source so that the bias current can be measured accurately.
The reduced 1/f corner frequency of the bipolar tail current
source ensures that the low frequency noise upconversion
occurring due to circuit non-linearities (varactor etc.) is

low. The expression for phase noise calculation at an offset
fm from the carrier frequency fo can be traced from the clas-
sical Leeson’s model [6] 

(1)

where k is Boltzmann’s constant, T is the absolute tempera-
ture, Ao is the amplitude of oscillation, Q is the resonator
loaded quality factor, Rp is the parallel resistance used to

model the losses in the resonator,  is the 1/f3 corner

frequency in the phase noise spectrum and F is the excess
noise factor. It can be seen from (1) that phase noise drops
by the square of Ao and tank Q. A disadvantage of using a
CMOS cross-coupled pair is that it is not possible for the
swing to exceed the supply voltage. The bipolar implemen-
tation of the cross-coupled pair allows swings higher than
the rails. This is aided by DC-decoupling the base and col-
lector of the cross-coupled pair with a capacitive divider as
shown in Fig 1, preventing forward bias of the C-B junc-
tion and hence allowing greater swing on the collectors.

While increasing the swing does improve the phase
noise, it does so at the cost of increased power consump-
tion, since the oscillation amplitude is simply the product
of Rp with current flowing across the tank. Low power
implementation is best served by increasing the Q as much

Fig. 1. VCO schematic with MEMS enhanced passives 
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as possible. This also indirectly increases Ao by increasing
Rp (since Rp models the tank loss, which is now reduced),
and hence reduces phase noise.

III. MEMS-ENHANCED INTEGRATED PASSIVES

For silicon-based technologies, the challenge in increas-
ing tank Q is the limited Qmax of the on-chip inductor. Dif-
ferential inductors are used in this paper as they have
improved Q over their single-ended counterparts [7].
Micromachining further enhances inductor Qmax [1].

The micromachining process [8] removes the dielectric
between inductor turns as well as ~30 µm of silicon under
the RF passives, which in turn reduces coupling to the
lossy Si substrate. A lumped parameter schematic model
for the inductor from the foundry design kit [9] and a full
wave method of moments solver [10] were used to design
the inductor. These simulations indicate that, for the
6.25 nH differential inductor used in this paper, a 2X
improvement in Qmax occurs due to micromachining. Also,
at the oscillation frequency of 2.8 GHz, micromachining
increases the Q of the 6.25 nH from 6 to 16 as shown in
Fig 2. This graph clearly shows the benefit of microma-
chining. The remaining curves (with the center-tap floating
for single-ended simulation) are included to help compare
with the measured results to be described in Section IV.

A small varactor diode is used in parallel with a fixed
capacitance in the VCO tank (Fig 1) to allow for tuning
around the desired center frequency. To achieve the same
tuning range from a smaller varactor, as well as to mini-
mize losses through the substrate we desire to minimize the
parasitic capacitance from the fixed capacitor. The ability
to remove the silicon under the micromachined capacitor is
used to reduce this parasitic capacitance.

The micromachined capacitor (shown in Fig 3) is com-
posed of interdigitated beams with multiple electrodes.
The dielectric between the interdigitated beams is removed
to access the silicon surface so as to remove the lossy sili-
con from under the capacitor. This capacitor can also be
used as a varactor, by changing the gaps between these
beams using the electrothermal actuators. In this paper we
only use the low parasitic nature of this capacitance, with
the latch to hold the capacitor at its minimum capacitance
configuration [11].

IV. MEASUREMENT RESULTS

 An LC-tank oscillator implementing the schematic of
Fig 1 was fabricated in the Jazz SiGe60 (0.35µm) process.
Test structures of the passive components were included to
measure the enhanced Q arising from micromachining. In
this section we describe the enhancements arising from
micromachining for both the passive devices and the VCO.

A. Inductor Characterization Results

Fig 4 shows quality factor vs. frequency for a test 2-nH
differential layout but with center-tap floating. The plots
have been made after de-embedding the pad and intercon-
nect parasitics by the commonly used Y-Parameter
method. There are 2 sets of curves in this graph — one set
is for the unreleased case (with the inductor as is after
foundry BiCMOS processing) and the second set is for the
released case (after the post-foundry micromachining).
Within each set, there are 3 curves — measured, lumped
parameter schematic model [9] and a fast method of
moments solver [10]. From the graph, it can be seen that
the 3 plots are in excellent agreement for the unreleased
case. For the released case, the Ultrasyn solver matches the
measured data until 1 GHz, and is a little optimistic beyond
1 GHz. The schematic model also matches the measured
data up to 3 GHz, and underestimates Q at frequencies

Fig. 2. Quality factor vs. frequency for a 6.25-nH inductor. Fig. 3. SEM of MEMS Capacitor
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beyond 3 GHz. Due to space considerations, the chip did
not include a 6.5 nH inductor used in the VCO. However,
as the schematic model underestimates the measured Q for
the 2 nH case, we only present schematic model simula-
tions of the 6.5 nH inductor in Fig 2 to describe the poten-
tial Q enhancement possible through micromachining.

B. Capacitor Characterization Results

For low power operation the capacitor should not
degrade the tank Q. The dominant resistive loss in the
MEMS capacitor is the series resistance of the interconnect
in the actuator (on the bottom-left and top-right in Fig 3).
The calculated value of the series resistance for the MEMS
capacitor is about 20 Ω, resulting in a calculated Q of 20 at
2.8 GHz (Fig 5). The measured Q for the capacitor test
structure, also shown in Fig 5, is 30 at 2.8 GHz, due to con-
servative models used in calculation. As this paper focuses
on low power operation, the use of the lateral actuators to
change the gap between the interdigitated beams in the
capacitor was not exercised.

C. VCO Results

The fabricated VCO had a center frequency of
2.84 GHz, with a tuning range of 150 MHz from the varac-
tor used (see Fig 1). As described in Section II, the tank Q
strongly affects the phase noise performance. Here we
describe two ways through which the high tank Q
improved the VCO performance. The improvement of Q
due to micromachining can be demonstrated from the min-
imum bias current required to start oscillations. Only
125 µA was needed for the oscillator after release, com-
pared to 520 µA for the same oscillator before microma-
chining. The improvement of tank Q can also be
demonstrated by comparing measured phase noise for the
same bias current. Fig 6 shows the measured phase noise
spectrum, obtained on an Agilent E4440A Spectrum Ana-
lyzer using Phase Noise Personality. Oscillator perfor-
mance for the same bias current of 1.1 mA is reported in
Table 1, showing that micromachining results in a phase
noise improvement of 21 dBc/Hz.

V. COMPARISON WITH VCOS IN LITERATURE

The previous section focused on the enhancements aris-
ing from micromachining. Here we compare the VCO with
other previously published VCOs employing microma-
chined passives. These results are summarized in Table 2.
The Figure of Merit (FoM) [12] is used to compare the
results,

Fig. 4. Quality factor vs. frequency for a 2-nH inductor

Fig. 5. Q-factor characteristics of MEMS capacitors.
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Fig. 6. Phase Noise Plot of VCO 

TABLE 1.
IMPACT OF MICROMACHINING ON OSCILLATOR PERFORMANCE 

fo
(GHz)

PN @ 1 MHz 
(dBc/Hz)

Pdiss
(mW)

FoM
(dB)

Before release 1.64 -106 2.75 166

After release 2.84 -122 2.75 187



(2)

where  is the carrier frequency,  is the offset from ,

 is the phase noise at that offset and  is the power
consumed in the core in mW. A common design procedure
to minimize phase noise is to choose a small value of L
allowing a bigger value of C, to lower the kT/C noise [15].
This however leads to a higher power consumption, since
more current is needed for the same oscillation amplitude
for a bigger C, as can been seen from Table 2. The pro-
posed scheme not only makes use of a bigger L to decrease
power consumption but also exploits the high Q of the
micromachined inductor to offset the phase noise degrada-
tion due to a small C, allowing comparable phase noise
performance. 

As shown in Fig. 2, micromachining starts improving Q
for frequencies greater than 1 GHz. With the trend to
higher frequency RF communications, there is abundant
scope for exploiting this in VCO designs, particularly since
the quality factors of conventionally implemented passives
is limited by both substrate loss and self-resonance at these
frequencies. This FoM achieved in this design outperforms
all previously published VCOs using stock CMOS pro-
cesses with frequencies greater than 2 GHz, due to the
magnitude decrease in power consumed.

VI. CONCLUSION

In summary, post-foundry micromachining of integrated
RF passives was used to reduce loss. Integration with a
cross-coupled pair led to low power oscillator operation.
The resulting FoM of 187 is better than all previous VCOs
based on micromachining. The design uses a magnitude of
less power than other VCOs at similar operating frequen-
cies. The use of micromachining is particularly promising
for low power operation at high frequencies as its enhance-
ment of inductor Q increases with frequency.
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TABLE 2.
LC OSCILLATOR COMPARISON

This Work Ref  [13] Ref  [14]

fo (GHz) 2.84 2.4 2.6

PN (dBc/Hz) -122 -122 -127

Pdiss (mW) 2.75 13.5 15

FoM (dB) 187 178 184

L (nH) 6.25 2.8 1.8

C (pF) 0.5 1.4 2
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