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A Distributed Dual-Band LC Oscillator
Based on Mode Switching
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Abstract—In this paper, we present a distributed dual-band LC
oscillator suitable for low-phase-noise applications. It switches
between the odd and even resonant modes of a fourth-order
LC resonator. In contrast to other switched-resonator designs,
the switches used for mode selection do not carry current, and
therefore, do not affect the quality factor of the resonator, which
leads to low phase noise. Analysis shows it achieves the same
phase-noise ﬁgure-of-merit (FoM) as a single-band LC oscillator
that uses the same inductor and active core. This was veriﬁed by
a prototype in a 0.13- m CMOS process. It draws a current of
4 mA from a 0.5-V power supply and achieves a FoM of 194.5 dB
at the 4.9-GHz band and 193.0 dB at the 6.6-GHz band, which is
the same as the reference standalone LC oscillator. There is good
agreement among theory, simulation, and measurement results.

Fig. 1. Schematic of the proposed dual-band oscillator.

Index Terms—Dual-band oscillator, high-order LC resonator,
low phase noise, low supply voltage.

I. INTRODUCTION

W

IRELESS design is developing from single-mode to
multimode systems that support multiple standards at
several frequency bands. A major challenge for these systems
is to design local oscillators (LOs) that cover the wide spectrum
and meet the stringent phase-noise requirement. This is usually
beyond the capability of a single-tank LC voltage-controlled
oscillator (VCO) using varactors for continuous frequency
tuning. As a result, there has been an increasing interest in
LC oscillators that switch between multiple frequency bands
[1]–[12].
One multiband scheme is to implement multiple LC oscillators at different frequencies and enable one of them at a time
[1]. However, this scheme can be improved, in the sense that
there are always one or more inductors in idle. As will be explained later, these idle inductors could have been utilized to
enhance the working LO’s phase noise. Another technique is
to use a switched resonator, in which the inductance and capacitance of the LC resonator are controlled by MOS switches
[2]–[4]. However, these switches usually insert resistance to
critical current paths, which degrades the resonator’s quality
factor and deteriorates phase noise signiﬁcantly [5], [6]. Several
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other structures were also proposed [7]–[11], and [12] summarized existing wideband/multiband VCO techniques. However,
the phase-noise performance of these state-of-the-art multiband
oscillators is generally inferior to single-band LC oscillators
[13], [14], which demonstrates the tradeoff between phase noise
and frequency tuning range in oscillator design.
In this paper, we propose a dual-band LC oscillator, which
achieves band switching without impairing phase-noise performance. As shown in Fig. 1, two center-taped inductors and four
capacitors comprise a differential resonator. It has an even and
an odd resonate mode. Their frequencies are not harmonically
related. A switching network is used to select one from the two
resonant modes, and two p-type ﬁeld-effect transistor (PFET)
pairs are used to compensate the resonator’s energy loss and
sustain oscillation. Thus, one can get dual-band LO output from
either PFET pair.
In contrast to other switched-resonator designs, there is no
current going through the switches during steady oscillation because the switches that are turned on only damp the undesired
mode. As a result, the working-mode quality factor of the resonator is not affected by the switches, and the oscillator can
achieve low-phase noise. Analysis shows, this dual-band oscillator achieves the same phase-noise ﬁgure-of-merit (FoM) as a
single-band LC oscillator that uses the same inductor and active
core (Fig. 2), where the FoM is deﬁned as [15]

(1)
in which is the center frequency,
is the offset frequency,
is the phase noise in dBc/Hz, and
is the power
consumption in mW. This analysis was veriﬁed by a prototype
in a 0.13- m CMOS process, in which the dual-band oscillator
achieves 3-dBc/Hz lower phase noise while consuming 3-dB
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Fig. 2. Schematic of a single-band LC oscillator.

more power, compared to a reference single-band LC oscillator
using the same inductor and active core.
Compared to the two-oscillator scheme, the proposed
dual-band oscillator can be considered as two oscillators
coupled through capacitors, which readily achieves 3-dBc/Hz
lower phase noise than the two independent single-band oscillators. Phase-noise reduction by coupling multiple oscillators
has been recognized in the RF and microwave circuit design
community [16]–[18]. The phase noise was proved in theory
if oscillators are ideally coupled [16].
to scale down as
However, coupling is far from trivial in real circuit design, and
various structures were proposed [16]–[18]. Along this line,
the proposed dual-band oscillator demonstrates the ﬁrst ideally
coupled structure with band switching capability. In a sense, the
two inductors, which never idle, are better utilized to enhance
phase noise than in the two-oscillator scheme.
Moreover, the proposed dual-band structure provides an alternative way of trading power for phase noise, and can achieve
low phase noise that is impossible for a single-tank LC oscillator
(Fig. 2). For a single-tank LC oscillator, this power versus phasenoise tradeoff is often done by halving the tank impedance and
doubling the power consumption, which lowers the phase noise
by half [18], but in low-supply-voltage applications, this conventional way may lead to impractically small inductance to
meet the stringent phase-noise speciﬁcations [18]. In this case,
the proposed structure can be used to reduce the phase noise by
another 3 dBc/Hz without further scaling the inductance to impractical values. Besides, its band-switching capacity eases the
tradeoff between phase noise and frequency tuning.
In the remainder of this paper, we will start with the operation of the proposed oscillator in Section II. In Section III, we
will discuss its phase-noise performance. In Section IV, we will
verify our analysis by a prototype and present measurement results. In closing, we will present a conclusion in Section V.
II. OPERATION OF THE DUAL-MODE LC OSCILLATOR
As illustrated in Fig. 3, the proposed oscillator consists of
two parts: an LC resonator and a trans-conductance network.
and , respectively, these two parts form a
Denoted by
feedback loop. We will study the oscillation condition of the
oscillator using this feedback network model.
A. LC Resonator
Since we use center-taped symmetric inductors and crossconnected differential pairs as an active core, as shown in Fig. 1,
the oscillator only works differentially. That is, the voltages at
the two terminals of each inductor are opposite in sign. Thus, we
are only interested in the resonator’s differential modes. Analysis shows it has two resonant modes: an even mode and an odd
mode. Instead of an abstract mathematical derivation, we introduce the two modes in an intuitive way.

Fig. 3. Dual-mode LC oscillator. (a) Physical model. (b) Redrawn physical
model as two-port networks, i.e., an LC resonator and a trans-conductance network. (c) Mathematical model.

1) In the even mode, the two LC tanks resonate in phase, i.e.,
. As illustrated in Fig. 4, the capacitors
see a zero voltage drop and do not carry current. Thereby,
the resonator can be reduced to two LC tanks. The resonant
frequency is easily found to be
(2)
in which the subscript stands for “even mode.”
2) In the odd mode, the two LC tanks are 180 out of phase,
i.e.,
. As illustrated in Fig. 5, the capacitor
sees differential voltage at its two terminals. Thereby,
up in
it is virtual ground at the center of . Breaking
the middle, we get the equivalent circuit on the right side of
Fig. 5, which consists of two LC tanks. Thus, the resonant
frequency is easily found to be
(3)
in which the subscript stands for “odd mode.”
A complete description of the resonator is to model it as a
two-port network, as shown in Fig. 3(b), and use its impedance
matrix ( matrix) [19], i.e.,
(4)
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Fig. 4. Illustration of the even mode of the LC resonator.

Fig. 6. Input impedance of the dual-band LC resonator, with

being tuned.

Fig. 7. Input impedance of the dual-band LC resonator, with

being tuned.

Fig. 5. Illustration of the odd mode of the LC resonator.

and (5), shown at the bottom of this page. The two resonant
frequencies are clearly shown by the two terms of each matrix element. For instance, the impedance looking into Port1
, and has two peaks, at
when Port2 is open, i.e.,
and , respectively. As an illustration, we implemented the resonator in a CMOS process. The impedance looking into Port1
is plotted in Figs. 6 and 7. As expected, there are two peaks in
each curve, corresponding to the odd and even mode, respectively. The frequencies of the peaks are as predicted by (2) and
increases, the odd-mode frequency
(3). In Fig. 6, when
decreases, whereas the even-mode frequency is not affected;
in Fig. 7, when
increases, both
and
decrease. It is
worth mentioning that the two frequencies are not harmonically
is determined by
related, and their ratio
.

or
. Putting everything together, we obtain the two-port
network shown in Fig. 3(b), which is described by

B. Trans-Conductance Network
As illustrated in Fig. 3, we use a trans-conductance network
to model all energy-loss and energy-compensation components
in the oscillator. In particular, as in Fig. 3(a):
is the parallel conductance of the resonator, and models
•
the energy loss of the passive components;
is the negative conductance of the differential pairs;
•
is the conductance of switches
and
in Fig. 1;
•
•
is the conductance of switches
and
in Fig. 1.
or
Note that, when a switch turns off, its conductance
is zero; when it turns on,
or
is a positive value

(6)
and (7), shown at bottom of the following page. Interestingly,
this network also shows even/odd operations. That is, if ap, we
plying even voltage to the two ports, i.e.,
. Thus, each port sees
get
; if applying odd
an effective conductance of
voltage
, each port sees an effective conductance
. As a result, even and odd modes of the
of
LC resonator see different energy loss and compensation, which

(5)
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we can use to realize mode/frequency switching. Rigorous analysis is given in Section II-C.

has its poles on the right-half plane. Therefore, only
the odd mode can start up.
To sum up, the transistors should be sized such that

C. Feedback Network
Based on above discussion and the mathematical model in
Fig. 3(c), we can derive the response of the oscillator to noise
to be
current

(8)
in which
(9)

(10)

From (8), we ﬁnd even-mode noise can stimulate oscillation
at
with transfer function
and odd-mode noise can
with transfer function
. Since
stimulate oscillation at
random noise has both even- and odd-mode components,
whether a mode can start up is determined by its transfer
or
.
function
and
are on, and
• In even mode oscillation, switches
and
are off. Thus,
and
.
Thereby, by sizing transistors such that
(11)
we can make
and
.
In this case, the even-mode transfer function
has
on the right-half plane, while the odd-mode
its poles
has its poles
on the left-half
transfer function
plane. Therefore, only the even mode can start up.
and
are off, and
• In odd-mode oscillation, switches
and
are on. Thus,
and
.
Thereby, if the transistors are sized such that
(12)
we can make
In this case,

and
.
has its poles on the left-half plane, while

(13)
in order to enable frequency switching, i.e., to guarantee startup
of either oscillation mode and damp the other mode.
and
only damp the unIt is worth noting that
wanted mode and do not degrade the working mode quality
factor. Take the odd-mode oscillation as an example, in which
and
. We simulated the input
and
impedance of the resonator, with
changing from 0 to 0.004
. As illustrated in Fig. 8,
lowers the even-mode peak, but does not affect the height
or width of the odd-mode peak. Intuitively, the even-mode
and thus its
component imposes a voltage drop across
energy is dissipated, but the odd-mode component does not
and is not affected. Similarly, in even-mode oscillation,
see
only damps the odd mode and does not affect
the even mode, as illustrated in Fig. 9. Thereby, we can expect
good phase-noise performance in the dual-band oscillator. A
rigorous analysis of phase noise will be given in Section III.
D. Continuous Frequency Tuning
In a single-band LC VCO, people use a switched capacitor
bank for coarse tune and a varactor for ﬁne tune. However, due
to the tradeoff between switch loss and parasitic capacitance,
cannot be very large. For instance, [5] demonstrates a state-of-the-art design with a continuous tuning range
, which
of 3.1–5.2 GHz. This corresponds to
includes parasitics from active core and loading, etc.
The proposed scheme in Fig. 1 can be used to extend above
is implemented as
tuning range. For instance, assume
switched capacitor and varactor with a tuning range between
and
,1 and
is the ﬁxed capacitor. Thus, the
to
odd mode covers a low band from
, and the even mode covers a high band
to
. Since the switches in this
from
design do not affect the working mode quality factor, they
do not need to be extremely wide transistors and thus do not
introduce signiﬁcant parasitic capacitance. Thus,
can achieve roughly the same value as the single-band VCO
,
, and
, the
above. If
even and odd bands have a considerable overlap and cover a
. In contrast, in
continuous tuning range with
conventional single-band VCO, such a tuning range requires
1Parasitic

capacitances of active core and loading are included.

(7)

LI AND AFSHARI: DISTRIBUTED DUAL-BAND LC OSCILLATOR BASED ON MODE SWITCHING

103

and thus varies at the same frequency as
LC tank’s state at
is actually the ISF function, describing the
the oscillator.
time-variant phase response to noise [15]. For oscillators with
high- LC resonators, the ISF can be well approximated by a
sinusoidal function at the same frequency as the oscillator [20].
Assuming the oscillation swing is , one can ﬁnd the amplitude
of the ISF is
(14)

Fig. 8. Input impedance of dual-band resonator when

changes.

Next, we will consider the dual-band oscillator in Fig. 1. Take
odd-mode oscillation as an example. Based on (8) and (10), if a
(or
), the induced
noise current pulse is injected from
. Although the
odd-mode voltage jump is
current pulse also induces an even-mode component, it decays
rapidly and does not change the phase of odd-mode oscillation
in a ﬁrst-order estimate. Thus, assuming the oscillation swing is
and by the same reasoning as the single-band oscillator, one
can ﬁnd the amplitude of ISF is
(15)
If the two oscillators use the same and are at the same frequency, we must have
. If also using the same active core and supply voltage, they should have the same voltage
swing . Therefore, from (14) and (15), we ﬁnd
(16)

Fig. 9. Input impedance of dual-band resonator when

changes.

, which is hardily possible. In an implementation with 8-bit coarse tune bank and varactors in a 65-nm
CMOS technology, simulation shows the odd mode covers
2.4–3.2 GHz and the even band covers 3–5 GHz.
III. DISCUSSION ON PHASE NOISE
Phase noise is a primary concern in oscillator design. Since
the proposed dual-band structure can be considered as two coupled single-band oscillators, many analyses and phase-noise reduction techniques proposed for single-band oscillators (e.g.,
[13], [14], [22]) can be readily adopted here. Thereby, we will
focus on the comparison between single- and dual-band oscillator, and demonstrate a 3-dBc/Hz phase-noise improvement.
Existing phase-noise theories mainly fall into two categories
[23]: frequency- [24] and time-domain techniques [15], [25].
Our analysis is based on the impulse sensitivity function (ISF)
theory in [15].
A. ISF
We begin with the single-band LC oscillator shown in Fig. 2.
If a noise current pulse
is injected into the LC tank
, there would be a voltage jump of
. This
at
voltage jump induces a phase shift
, which depends on the

Intuitively, this result can be explained by the fact that, in the
dual-mode oscillator, only half of the injected current pulse induces odd-mode voltage and thus shifts oscillation phase, while
the other half induces even-mode component, which is damped
by the circuit and does not perturb oscillation phase.
To verify this result, we implemented the single- and dualband LC oscillator in a 0.13- m CMOS process and did simulation with SpectreRF. The two oscillators use the same inductor
and active core, and the capacitors are set such that they are at the
same frequency 5.39 GHz. Fig. 10 shows the simulated voltage
waveforms at a terminal of the inductors, along with the ISFs
of a noise source taped to the same net. The voltage swings are
V,
the same for the two oscillators, and considering
both work just in the voltage-limited region [21]. The ISFs are
at the same frequency as the voltages, and the phase is shown
to be most sensitive to noise at voltage zero-crossings [15]. We
calculate the root-mean-square (rms) values as the amplitudes
of the ISF curves. The ISF of the dual-band oscillator is exactly
half of the amplitude of the single-band oscillator. The ISFs of
noise sources at other nets also show the same ratio.
In the same way, we found the same comparison result for
the dual-band oscillator’s even mode, provided the single-band
oscillator is set to the same frequency. For the sake of space, we
will not repeat the discussion for the even mode here.
B. Noise Sources
In addition to the ISFs, noise sources are the other factor to
determine phase-noise performance. Although the two oscil-
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TABLE I
SIMULATED PHASE-NOISE CONTRIBUTION AT

MHz

Fig. 10. Simulated ISFs and voltage waveforms of the single- and dual-band
oscillator in the odd mode. The two subplots are aligned in time.

Fig. 12. Simulated phase noise of the single-band oscillator and the dual-band
oscillator in the odd mode.

Fig. 11. Illustration of switch noise in even mode oscillation.

lators have common noise sources in active cores and inductors, the switches in the dual-band oscillator introduce extra
noise sources and need careful checking. Take the even-mode
and
are on in the
oscillation as an example. Switches
even-mode oscillation (Fig. 1), and insert two nonzero conduc, as shown in Fig. 11. The noise of the two
’s can
tors
be modeled as two current sources, which can always be decomposed into its common- and differential-mode components:
The common-mode noise is damped by the active cores and the
center-tapped symmetric inductors in that they only support differential mode oscillation and the common mode component
cannot sustain; the differential-mode noise leads to an odd-mode
component in the resonator, which is damped by ’s. In other
words, in even-mode oscillation, although the two ’s generate
noise, they do not add any even-mode component to the resonator, and thus does not perturb the phase of oscillation. Along
the same line, one can ﬁnd the same result for the odd-mode oscillation. SpectreRF simulation veriﬁed this result. Table I lists
itemized phase-noise contribution from different parts of the circuits. The switching network accounts for only 0.9% of the total
noise and is thus negligible in phase-noise analysis.
C. Phase Noise
According to the ISF theory of phase noise [15], the phase
noise induced by a noise source is proportional to the square of
its ISF’s amplitude. Based on the ISF comparison in (16), the

phase noise of the dual-band oscillator, due to one active core
of that of the single-band
and/or one inductor, is
oscillator. On the other hand, the dual-band oscillator has two
inductors and two active cores, which introduces twice the noise
sources of the single-band oscillator. Therefore, the total phase
of the
noise of the dual-band oscillator is
single-band one, which is a 3-dBc/Hz improvement. Moreover,
because the dual-band oscillator has two active cores, it consumes twice the power of the single-band oscillator. Therefore,
we conclude the dual- and single-band oscillators have the same
FOM, as deﬁned in (1).
This was veriﬁed by SpectreRF simulation. The single- and
dual-band oscillators draw a current of 2 and 4 mA, respectively,
from a 0.5-V power supply. We set the dual-band oscillator to
be in odd mode, and set the capacitors of the single-band oscillator such that it is at the same frequency. The simulated phase
noises are plotted in Fig. 12. As expected, the dual-band oscillator shows 3-dBc/Hz lower phase noise than the single-band
oscillator. The same result also holds for a dual-band oscillator
working in the even mode and a single-band oscillator at the
same frequency.
D. Comparison With Other LO Schemes
At this point, we can compare the proposed oscillator with
other single- and dual-band LO schemes.
Compared to a single-band LC oscillator in Fig. 2, the
dual-band oscillator can be considered as a coupling structure
and provides an alternative way of trading power for phase
noise. For a single-band LC oscillator in Fig. 2, the conventional
way of reducing phase noise by half is to halve the LC tank’s
impedance and double power consumption [18]. However, this
method may lead to inductance values too small to be practical,
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especially when the phase-noise requirement is stringent [18].
In this case, coupling multiple LC oscillators provides an
alternative way of trading power for phase noise [16]–[18]. It
is proven in theory, for ideally coupled oscillators, the phase
while the power increases to times of
noise reduces to
a single oscillator [16]. Along this line, the proposed oscillator
can be recognized as an ideally coupled structure, which can
lower phase noise by another 3 dBc/Hz without scaling down
inductances to impractical values. Although this 3-dBc/Hz
beneﬁt can also be achieved by directly connecting two LC
tanks in parallel, the proposed dual-band structure provides an
additional band-switching capability, which eases the tradeoff
between frequency tuning range and phase noise.
Compared to a dual-band scheme with two independent oscillators [1], the dual-band oscillator readily get a 3-dBc/Hz improvement in phase noise by coupling them together. If two
independent LC oscillators work alternatively, there is always
one inductor in idle, which could have been used to improve
phase noise of the working oscillator. In this sense, the proposed
dual-band structure makes better use of the inductors, which
never idle, to get 3-dBc/Hz lower phase noise, while keeping
the capability of synthesizing two frequencies.
With respect to other dual-band structures, it is not easy to
make a fair quantitative comparison directly. A single-band LC
oscillator should be a good reference here. As discussed above,
the proposed dual-band oscillator can achieves the same phasenoise FoM as a single-band one, which is seldom possible for
other designs [2]–[12]. Moreover, since the proposed dual-band
structure can be considered as two coupled single-band LC oscillators, many phase-noise reduction techniques proposed for
single-band LC oscillators [13], [14] can be readily adopted in
the proposed dual-band design.
IV. VERIFICATION BY PROTOTYPES
We implemented a dual-band (Fig. 1) and a single-band
oscillator (Fig. 2) in a 0.13- m CMOS technology with
0.5-V power supply. The two use the same PFET pair
m
m and the same center-taped
symmetric inductor (1.138 nH) built on the two thick metals.
We use metal–insulator–metal (MIM) capacitors, the values
of which are set such that the oscillators work at the desired
frequencies.
A. Switch Network
In the prototype, the switch network was modiﬁed from Fig. 1
to 13, mainly because the large voltage swing may turn switches
as an example. In an
on while they should remain off. Take
odd-mode oscillation, it is turned off by setting its gate voltage
to zero. However, the oscillation voltage at the inductor termion shortly.
nals can drop below 420 mV, which can turn
This leads to a leaking current, which degrades the quality factor
of the resonator. To solve this problem, we used a capacitive
voltage divider in Fig. 13. In this way, switch transistors only see
half of the voltage swing and the leaking current is eliminated.
m
m
Meanwhile, the switch transistors
are twice as wide as before to provide the same damping effect.
It is worth mentioning that the modiﬁed switch network is not
an essential part of the structure in that there are other ways to
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Fig. 13. Modiﬁed switching network to overcome current leakage.

Fig. 14. Simulated input impedance of implemented resonator, loaded by active core. Two peaks appear at 5.4 and 7.7 GHz, corresponding to odd- and
even-mode resonance, respectively.

avoid leakage current, e.g., CMOS instead of pMOS active core.
We will not go to details for the sake of space.
B. Fabrication and Measurement Result
A single- and dual-band oscillator were fabricated in a
0.13- m CMOS process with the frequency of the single-band
oscillator close to the odd mode of the dual-band oscillator.
Since our purpose here is to verify the functionality of switching
and analysis on phase noise, we did not include varactors for
continuous tuning in this prototype design. Fig. 14 shows
simulated input impedance of the implemented dual-mode LC
resonator, loaded with active core and switch network. Fig. 15
shows a die photograph of the dual-band oscillator. Both
oscillators were measured with an Agilent 8564EC spectrum
analyzer. The measured phase noises are in Figs. 16–18.
Tables II and III summarize and compare results from simulation and measurement. We ﬁnd that, although the measured
frequencies of both oscillators drop due to parasitics, the measured phase noise agrees well with simulation. Besides, the frequency of the dual-band oscillator drops more than that of the
single band, which can be explained by the parasitics of the long
metal traces between the two inductors.
In terms of phase noise, the single-band oscillator is at about
the same frequency as the odd mode of the dual-band oscillator. As expected, both simulation and measurement show the
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Fig. 15. Die photograph of the proposed dual-band oscillator.

Fig. 18. Measured phase noise of the even mode of a dual-band oscildBc
kHz and
lator:
dBc
kHz with
GHz,
mA, and
V.

TABLE II
SUMMARY OF SIMULATION RESULTS

Fig. 16. Measured phase noise of a single-band oscillator:
dBc
kHz and
dBc
kHz with
mA, and
V.

GHz,

TABLE III
SUMMARY OF MEASUREMENT RESULTS

The even-mode oscillates at higher frequency and its FoM is
about 2 dB lower than the odd mode, largely because of the drop
in the resonator’s .
Fig. 17. Measured phase noise of the odd mode of a dual-band oscillator:
dBc
kHz and
dBc
kHz with
GHz,
mA, and
V.

3-dBc/Hz phase-noise improvement of the dual-band oscillator,
compared to the single-band oscillator. Besides, the dual-band
oscillator consumes twice the power of the single-band one.
Thus, the two oscillators have the same phase-noise FoM, which
veriﬁes our analysis in Section III.

V. CONCLUSION
In this paper, we presented a distributed dual-band oscillator
suitable for low-phase-noise applications. In contrast to other
switched-resonator designs, there is actually no current going
through the switches, which leads to low phase noise. The design and analysis were veriﬁed by a prototype implemented in
a 0.13- m CMOS process. There is good agreement among
theory, simulation, and measurement results.
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