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Abstract—This paper reviews basic trade-offs in oscillator
performance specifications. The better understanding of phase
noise mechanisms as well as the availability of reliable phase
noise simulation tools has led to significant improvements in the
power-noise trade-off in recent years. It has further enabled the
invention of oscillator topologies which exhibit lower device
noise to phase noise conversion, and in this paper pulsed biasing
and its implementation through tail-current shaping is described
as an example. Area reduction of LC oscillators is further
investigated as the large size of oscillators’ on-chip LC tank
circuits is becoming a significant problem in deeply scaled SOC
designs which often require multiple on-chip oscillators.

I. INTRODUCTION
Oscillators are fundamental building blocks in many
electronic systems since they provide timing or frequency
reference signals. Typically a fixed external reference
frequency is transformed into a programmable high frequency
clock or carrier signal with a phase locked loop (PLL). The
voltage controlled oscillator (VCO) is a key building block for
the PLL and determines several performance characteristics of
the PLL. Even as technology features scale and more and
more functions are implemented in the digital domain, the
VCO remains a fundamental building block with no viable
digital alternative for low jitter and low phase noise
applications.
As the speed performance of devices in scaled
technologies improves, high speed serial I/O communications
are proliferating which requires the realization of many onchip VCOs on complex digital ICs. Modern wireless
communication devices need to offer compatibility with
several standards which often requires operation over different
frequency bands using multiple integrated VCOs on a chip.
Applications requiring low jitter or low phase noise have to
rely on harmonic oscillators since they offer much superior
phase noise performance over relaxation or ring oscillators
(see e.g., [2][3][4]). For the 1GHz to several 10s of GHz
frequency range, LC tanks can be integrated on-chip.
Although the quality of the on-chip tanks is inferior to off-chip
resonators, integrated GHz VCOs avoid issues such as
spurious resonances with package parasitics as well as
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spurious coupling on the PCB. They further help to lower the
chip pin count and have become in widespread use.
Although oscillators have been designed as part of the
earliest electronic systems, they are still an area of intense
research and innovation. Several recent advances in the
understanding of phase noise generation (see e.g.,
[2][12][14][15]) in oscillators have created new opportunities
to develop better VCO topologies.
Furthermore, as
technology geometries shrink and device speeds increase,
higher operating frequencies can be reached; or, at lower
frequencies, more complex and better performing topologies
can be used. However, the area of inductors and thus that of
VCOs is not scaling significantly, and often several VCOs are
needed on one complex SOC making the area reduction of
VCOs a challenge. We discuss examples of compact
quadrature VCO topologies as well as the re-use of the real
estate underneath of the inductor to save area.
We review some of the basic oscillator performance
metrics and the design trade-offs that exist between them in
section II and the device noise to phase noise conversion
mechanisms in section III.
We then look at some
opportunities for improving oscillator performance using pulse
biasing in section IV and show how tail-current shaping offers
a compact implementation of such a topology in section V.
Section VI introduces design techniques for compact VCOs by
re-using the area under the inductors.
II. OSCILLATOR DESIGN TRADE-OFFS
The design of an integrated VCO involves the trade-off of
a number of important design parameters.
Operating
frequency and phase noise requirements are set by the targeted
application and the chosen transceiver architecture. Tuning
range requirements depend on specifications such as
maximum time span of continuous locked operation as well as
the anticipated variations in process, supply voltage and
temperature. The required supply rejection performance
largely depends on the environment and availability of
dedicated supplies or supply regulators for the VCO.
The first order trade-offs between operation frequency,
phase noise performance and power consumption are well
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Figure 1 Figure of merit versus nominal oscillation frequency for different fully integrated VCO and quadrature VCO, QVCO, designs
from the Journal of Solid State Circuits, the International Solid-State Circuits Conference, the Symposium on VLSI circuits, the European
Solid-State Circuits conference and Cuthsom Integrated Circuits Conference for the respective time periods.

understood. Starting with Leeson’s model [1], which is based
on a approximate linear analysis of the noise in oscillators, a
quadratic dependence of the phase noise on the operating
frequency, f0, is predicted. More advanced phase noise
analysis methods [2][15] confirm this dependence.
Furthermore the basic noise-power trade-off in an oscillator is
similar to other circuits where the parallel connection of N
identical oscillators leads to an N-times power increase for an
improvement of the carrier-to-noise ratio by N. These
observations led to the following definition of a power-noise
figure-of-merit [3] for an oscillator:

the Q2 scales with the area [7]. Consequently, the FOM
improves with the area of the inductor (and thus the oscillator)
and oscillators with different areas can be compared using an
FOMA [8] defined as:
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where A is the area of the oscillator (or tank).

Many other parameters play a role in the obtained power! noise trade-off in an oscillator design. The choice of a
current-limited versus voltage-limited operation region
(1)
keeping all other parameters equal affects the FOM [5]. The
elimination of bias elements such as the tail-current source in
where f0 is the oscillation frequency, L{fm} is the SSB phase differential oscillators can improve the noise performance but
increases the sensitivity to the power supply noise [6].
noise in dBc/Hz at an offset fm from the carrier and P is the
power
consumption. This FOM can be used to normalize an
If large tuning ranges are required, it becomes more
!
oscillator’s performance in order to compare oscillators with difficult to obtain a good power-noise trade-off. In a single
different operating frequencies, phase noise performance and oscillator the tank resonance frequency can typically only
power consumption.
effectively be tuned continuously using MOS or PN varactors
or discretely using switches and capacitors or switched
The quality factor, Q, of an integrated tank has the
strongest effect on the performance of the VCO, where a varactors. To achieve a large tuning range a large tank
capacitance, C, and a small tank inductance, L, has to be used
quadratic dependence of the phase noise on the tank’s Q is
generally observed. For integrated oscillators the tank Q and consequently the tank impedance, Z 0 = L /C = 2" f 0 ,
depends largely on the Q of the integrated inductors, although is small at the lower oscillation frequencies resulting in lower
at higher frequencies the reduction of the varactor Q can affect amplitudes and degraded phase noise performance. The
the tank quality. However, high quality fixed capacitors are amplitude variation can be overcome by using constant
! a mixed mode amplitude
usually available so that capacitive tapping can be used to amplitude biasing by e.g., using
improve the varactor Q at the expense of extra area [3]. control loop [9], but at the cost of a varying phase noise
Capacitive tapping can further reduce the upconversion of low performance and power consumption. For very large tuning
frequency noise through AM-to-FM conversion in the ranges, several oscillators can be combined in parallel at a
varactors. The Q of an inductor depends on the thickness and considerable expense in chip area [10]. Several parameters
the resistivity of the conductors, the substrate conductivity as play into the dependence of the noise-power trade-off in
well as the area used for the inductor layout. To the first order, oscillators on the tuning range and therefore a physics based
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definition of a FOM including the tuning range is difficult.
An ad hoc FOM including the tuning range has been defined
in [11].
Figure 1 shows the FOMs for fully integrated CMOS VCO
designs published since 1994 in the solid-state circuit
literature. The data is divided using two criteria: designs
published before 1999 and included in a similar plot that was
published in [3], and quadrature (QVCO) versus nonquadrature oscillators (VCO). Two important trends can be
noticed. Prior to 2000, QVCOs had a markedly inferior FOM
performance than VCOs. Recent designs, however, have
significant better FOM, often on-par or exceeding VCO
designs. This is the result of numerous improvements in the
design and topologies of QVCOs. We further notice that there
is a noticeable improvement in the FOM of VCOs as well.
We will discuss the underlying factors in these improvements
in the upcoming sections and illustrate them with a couple of
examples.
III. DEVICE NOISE TO PHASE NOISE CONVERSION
The calculation or simulation of the phase noise
performance of an oscillator is very involved since it requires
the noise analysis of a strongly non-linear autonomous system
[12]. Linear time-invariant noise analysis has been used to
obtain first-order approximations to gain understanding about
the trade-offs involved in oscillator design (see e.g.,
[1][13][3]) but does not capture how strongly the device noise
sources affect the amplitude versus the phase of the
oscillator’s output. For most applications, the phase noise is
of primary concern since the amplitude noise is largely
eliminated through the use of amplitude-saturating buffers or
mixers, although it can still be converted into phase noise
!
through AM-to-PM conversion in these circuits. Good
agreement between experimental results and phase noise
predictions is obtained by using a frequency-domain noise
analysis including a detailed separation of the modulation
effects of the noise on the amplitude versus the phase [14][15].
Alternatively, using a time domain approach, the impulse
response of an LC oscillator followed by a phase detector can
be determined for each noise source. To the first order, these
noise-to-phase impulse responses, a.k.a. impulse sensitivity
functions (ISF), are linear and periodically time variant and
allow the calculation of the phase noise of an oscillator using
[2]:
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where i n,k
is the power spectral density of the k-th

!current noise source, "k,eff ,RMS is effective value of the
associated ISF, A is the oscillation amplitude and C is the tank
! capacitance.

!

Both approaches can offer the designer important insights
in making improvements in the oscillator topology to improve
the oscillator performance. As discussed earlier, some basic
power-noise trade-offs are set by physical constraints but the
designer can improve the FOM by minimizing the devicenoise-to-phase-noise conversion. For example, in [16], it was
determined through frequency-domain phase-noise analysis
[15] that the largest phase noise contribution of the tail current
source comes from its thermal noise at the second harmonic
and can be eliminated using an on-chip LC filter. In [2] and
[20], based on insights on how the shape of the ISF affects 1/f
noise upconversion in oscillators, the use of time-domain
waveforms with symmetric rise and fall times was proposed to
reduce the effects of 1/f noise. Below we will illustrate how
insights gained from observing the ISF function that the noise
injected at different times affects the phase and amplitude
differently [2], led to the development of pulse biasing for
differential oscillators discussed in the next section.
LC VCOs typically operate in large signal mode and are
often designed to have maximum oscillation amplitude.
Sufficiently large oscillation amplitude is needed to drive the
other circuits such as mixers or dividers. A large VCO signal
alleviates the design challenges associated with the LO or
divider buffer. Additionally, from (3), one concludes that the
phase noise improves with increasing oscillation amplitude.
However, phase noise mechanisms exist that can degrade the
phase noise performance at large amplitudes, making

"k,eff ,RMS increase substantially for larger amplitudes.
The varactor diodes in a VCO are known to have strong
AM-to-FM conversion [17]. 1/f or thermal noise of the tail
bias source is upconverted to AM noise around the carrier [15]
but can be converted to frequency and phase noise by the
varactor. The AM-to-FM conversion gain of varactors
depends on their bias point, and at the edges, or in the middle
of the tuning range this conversion can become small [17]. At
those points, the AM-to-FM conversion due to the signal
dependent parasitic capacitors in the active elements of the
negative resistance switching pair can become dominant [19].
The operation region of the MOS negative-resistance devices
changes periodically which modulates the parasitic
capacitances. As a result, the effective tank capacitance and
consequently the oscillation frequency changes with respect to
the oscillation amplitude for a fixed tuning voltage. In
differential MOS LC VCOs, the optimum differential
amplitude is approximately equal to the threshold voltage of
the MOS devices, which corresponds to the minimum AM-toFM conversion by the active devices. This effect is illustrated
by the measured results in Figure 2 for a tail-biased nMOS
switching pair LC VCO where the phase noise exhibits an
optimum amplitude [19]. Similar experimental results have
been presented in [18].
AM-to-FM conversion is an important mechanism,
especially in oscillators with large tuning ranges. Also, in
oscillators where noise mitigation design techniques have
been used, AM-to-FM conversion of AM noise often becomes
the limiting noise mechanism.
We note that the availability of reliable phase noise
analysis in several modern circuit simulators, which capture

25-1-3

807

all of the effects described above, has become a significant
help for VCO designers and partially explains the progress in
VCO performance in recent years.

Figure 2 Measured phase noise degradation with respect to the minimum
value at a 600kHz offset for different amplitudes for a tail-biased nMOS
switching pair LC VCO. The 1.77GHz, 1.9GHz, and 2.148GHz oscillation
frequencies correspond to a tuning voltage at the edges and in the middle of
the tuning range where the varactor AM-to-FM conversion is minimal.

Figure 3

tank at the right moment, i.e., when the voltage across the tank
is maximum and the ISF is minimum. Some oscillators, such
as the Colpitt’s oscillator have the property that the negativeresistance active device only conducts when the output voltage
is maximum [2]. Colpitt’s oscillators however often need
larger bias currents to satisfy the start-up conditions than
differential pair based LC VCOs which are in widespread use.
In [21] it is demonstrated that the phase noise of the
differential NMOS LC VCO, shown in Figure 3, can be
improved by replacing the constant bias current Itail with a
periodic narrow pulse current source with the same average
current. The current pulses must be aligned with the maxima
and minima in the VCO output voltage and the frequency of
the periodic current source is twice the oscillation frequency.
Figure 4 shows the phase noise reduction achieved by
using an rectangular current source implemented with an MOS
device compared to a constant current bias. Two mechanisms
are involved in the phase noise reduction. Pulse biased VCOs
achieve a better DC-to-RF conversion and a larger oscillation
amplitude compared to a fixed current biased VCO with the
same average current. Larger oscillation amplitude contributes
to the phase noise reduction (see Figure 4(b)). Secondly, the
effective ISFs for the current noise of the switching pair and
the tail current source are reduced since they only conduct for
very short periods at the least phase sensitive times. The phase
noise improves for narrower current pulses (smaller
conductions angle) where in the limit they become impulses.
One caveat is that although pulsed biasing can make sure that
device noise is more converted into amplitude noise than
phase noise, some of the amplitude noise can still be
converted into phase noise through AM-to-FM conversion in
the VCO as discussed earlier.

Schematic of a differential NMOS LC VCO.

IV. PULSE BIASING
The phase change in the VCO output in response to a noise
current pulse injected into the tank depends on the instant of
injection in the oscillation cycle and is a periodic function
known as the impulse sensitivity function (ISF) [2]; the ISF is
typically maximum when the output voltage is at the zerocrossing instants and it is minimum when the output voltage is
at its maximum or minimum value. In order to overcome the
loss in the LC tank, the active part of the VCO needs to inject
current into the tank to maintain the oscillation, but also
injects noise. Looking at (3), we note that the contribution of
a device noise source to the phase noise can be reduced by

Figure 4 Phase noise reduction in a pulse biased differential NMOS LC
VCO; (a) total phase noise reduction versus conduction angle; (b) respective
contributions of higher oscillation amplitude and lower ISF in the phase
noise reduction.

reducing the effective ISF "eff ,RMS . The resulting phase
noise can thus be reduced if the current is injected into the

!
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V. TAIL CURRENT SHAPING
A. Differential Oscillators
Tail-current-shaping is a compact and efficient way of
approximately implementing a pulse biased differential LC
VCO. In a differential NMOS LC VCO, the voltage at the
common-source node is typically close to a sinusoid at twice
the oscillation frequency. A properly sized capacitor placed in
parallel to the tail bias device as shown in Figure 5 conducts a
second harmonic current which combined with the constant
bias current results in a periodic tail current going into the
switching pair. SpectreRF simulated voltage and current
waveforms in the differential NMOS LC VCO are shown in
Figure 6; the tail current into the switching pair is maximum at
the maxima of the output waveforms and minimum at the
zero-crossing instants.

Figure 6

Figure 5

Simulated voltage and current waveforms in the tail-currentshaping VCO.

Tail-current-shaping differential NMOS LC VCO.

Measured phase noise of two identical LC VCOs
prototypes in 0.25um CMOS with and without tail current
shaping (Figure 7) shows 3dB and 5dB reductions at 100kHz
and 1MHz offset frequencies from a 1.755GHz carrier [21].
These phase noise improvements do not yet achieve the
theoretical maximum reductions shown in Figure 4 due to the
fact that the tail-current shaping waveforms have quite large
conduction angles [21]. Tail-current shaping has different
effects on the conversion of thermal and 1/f noise into phase
noise which results in a lower 1/f noise corner frequency in the
phase noise spectrum and an offset-frequency dependent
phase noise improvement.
Note that the effect of the capacitor is more than a small
signal filtering action for the noise of the tail current source.
In fact, it also affects the large signal waveforms in the
oscillator and the ISF for the switching pair noise sources. As
such, its operation is different from a noise filter as introduced
in [16]. Additionally, the area penalty of implementing tailcurrent shaping is much smaller than noise filtering while a
better FOM is achieved

.
Figure 7 Measured phase noise for a 1.755GHz carrier frequency for two
identical differential NMOS LC VCOs; VCO1 without and VCO2 with tailcurrent shaping.

B. Source-coupled Quadrature Oscillators
Quadrature oscillators can be used e.g., in applications
where carriers with a 90 degrees phase shift are needed such
as direct-conversion or low-IF transceivers, or where
waveforms with a quarter-period time shift are needed such as
half-rate clock and data recovery. Especially at higher
operating frequencies they can be more efficient than divideby-two or divide-by-four quadrature generators that require
very high input carrier frequencies.
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LC VCOs. Even so, as active devices scale down to smaller
geometry sizes, the real estate occupied by the inductors does
not scale down proportionally, making the relative area
occupied by LC VCOs more and more significant in SOCs.

Figure 8

Common-source coupled quadrature VCO.

Figure 8 shows schematic of an NMOS LC quadrature
VCO (QVCO) using capacitive common-source coupling [8].
VCO1 and VCO2 are identical and operate at the same
frequency (!0) but have different phases: "1 and "2. The
voltage at the common-source nodes, Vs1 and Vs2, are
approximately sinusoids oscillating at 2!0. Thus Vc=Vs1-Vs2
and Ic are sinusoids at 2!0. Assuming Ic=Ic0cos(2!0t+#), antiphase currents at the second harmonic are injected into the
common-source nodes of VCO1 and VCO2. The oscillators
frequency and phase lock to the injected signals and thus to
each other so that "1=#/2, "2=(±$-#)/2, and %"="2-"1=±$/2.
This quadrature mode is stable but the phases can lock to
either +$/2 or –$/2 because of the complete symmetry. For
applications that require a predetermined quadrature phase
sequence, a simple extra circuit as in [22] can be added. The
coupling current, Ic, has maximum amplitude when the VCOs
are locked in quadrature. There is also a trivial solution where
both VCOs operate in phase (%"="2-"1=0) but this mode is
metastable and circuit noise starts the locking cycle where
|%"| increases and ultimately locks to $/2 [8].
This QVCO topology has excellent phase noise
performance because of several factors. First, in contrast to
many other QVCOs the coupling is indirect, i.e., it does not
affect the tank circuits directly. Moreover, the coupling is with
a passive noiseless component (capacitor) instead of active
devices. Second, by properly sizing the coupling capacitor,
VCO1 and VCO2 can be made to operate in tail-currentshaping mode resulting in a higher oscillation amplitude and
lower phase noise for the same current consumption.
Additionally, this technique is very area efficient compared to
indirect transformer-based coupling techniques [22][23] since
the coupling element is a capacitor. A 1.75 to 2.1GHz
differential nMOS LC-QVCO prototype fabricated in 0.25 um
CMOS achieves a phase noise of -124.4dBc/Hz at a 1MHz
offset from a 2.04GHz carrier while dissipating 3mA from a
1.5V supply. It only occupies 0.625mm2 resulting in the
highest FOMA of 188dB/Hz among quadrature oscillators [8].
VI. OSCILLATOR AREA REDUCTION
The large area consumed by on-chip inductors is a
disadvantage for LC VCOs, especially compared to relaxation
or ring oscillators. Even though such comparison is not fair
given the significantly superior phase noise performance of

So far, the area underneath the inductors has not been
utilized because of the concern that components under the
inductor would degrade the Q of the inductor through eddy
current loss. However, if the size of the devices placed in and
around the inductor is kept small, the induced eddy current
loops are localized in small regions which keeps the losses to a
minimum. This was confirmed through experiments with
metal fills placed inside and around inductors. Figure 9 shows
the measured and the simulated Q of an inductor with and
without metal fills. A small error of less than 5% was
observed between the simulated and the measured data below
3 GHz. A maximum Q degradation of about 10% occurs at its
peak, similar to what has been reported by others [26]. The
typical application range of an inductor in a tunable VCO is
below its peak Q frequency since the varactors and the
parasitics of the active devices add significantly to the tank
capacitance. The accuracy of the EM simulator allows to run
extensive simulations to study the effect of sizing, resistivity,
and the position of metal fills on inductor Q.

Figure 9

Q comparison

Based on these results, we developed layout techniques to
place varactors and other active devices underneath the
inductors to form area-efficient resonators and VCOs [24].
These resonators and VCOs have very low eddy current loss
and reduced parasitic magnetic coupling. Figure 10 shows the
die photo of a VCO with all the varactors and active
components laid out underneath the inductor using the
proposed layout techniques on the left, labeled “VCO IN,”
which occupies about 50% less area compared to a VCO with
traditional layout, labeled “VCO OUT,” shown on the right.
More importantly, the phase noise performance of the
compact VCO designed employing the proposed layout
techniques is equal or better 1 compared to that of a VCO with
traditional layout, demonstrating the feasibility of this devicesunderneath-the-inductor concept. Other components that can
be considered for layout under the tank inductor include the
loop filter capacitor of the phase locked loop. Given that these
1

The Q of the inductor is improved by the patterned ground
shielding (PGS) [25] effect of wiring to the components placed
underneath the inductors.
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components are all part of the same functional block, concerns
for possible spurious coupling with the inductor and VCO are
not significant. However, spurious coupling could become a
concern if arbitrary components are laid-out under the
inductor.

[7]

[8]

[9]
[10]
[11]

Figure 10 Die photograph of a traditional VCO, “VCO OUT”, with no
components underneath the inductor and a VCO. “VCO IN”, with all
components laid out underneath the tank inductor.

[12]

VII. CONCLUSIONS
We have discussed the basic trade-offs involved in
oscillator design as well as briefly reviewed some of the
critical phase noise mechanisms. The better understanding
that has developed through numerous research results in the
last few years, as well as the availability of reliable phase
noise simulation tools has resulted in a significant
improvement in the power-noise trade-off in recent VCO
designs. It has further enabled a better understanding of phase
noise generation and offers opportunities to develop phase
noise mitigation techniques. In this paper we illustrated the
implementation of pulsed biasing using tail current shaping
capacitors as one such technique. The large area occupied by
the LC tank resonators required for LC VCO is becoming
progressively expensive in scaled technologies. We have
briefly investigated the performance trade-offs related to the
area of a VCO as well as illustrated layout techniques that
allow to place the VCO components underneath the on-chip
spiral inductor.

[13]
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