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Abstract—This paper presents a 0.6-V quadrature voltage-con-
trolled oscillator (QVCO) with enhanced swing for low power
supply applications. The QVCO comprises a novel capacitive
coupling technique that is employed not only for quadrature
signal coupling, but also for phase noise reduction. As a result,
the proposed QVCO can even achieve 4.6 dB lower phase noise
than its single-phase counterpart at 3-MHz offset. Optimized ca-
pacitive coupling combined with source inductive enhance-swing
technique enables low power and low phase noise simultaneously.
The QVCO achieves a measured phase noise of dBc/Hz
@ 3-MHz offset with a center frequency of 5.6 GHz and consumes
4.2 mW from a 0.6-V supply. This performance corresponds to a
figure-of-merit (FoM) of 191.4 dB. Due to the intrinsic phase shift
in the proposed quadrature-coupling path, the problem associated
with phase ambiguity between the quadrature outputs has
been avoided. The QVCO RFIC is implemented in a
CMOS process with core area of .

Index Terms—Capacitive coupling, Colpitts, ISF, phase error,
phase noise, quadrature, RF, voltage-controlled oscillator.

I. INTRODUCTION

P HASE NOISE and phase accuracy are two essential spec-
ifications for quadrature signal generation since the two

aspects directly affect the quality of the received or transmitted
signal in a wireless communication system. The ever-growing
demand for chip-level integration of multi-band transceiver
continues imposing tighter phase noise performance specifica-
tions for radio-frequency (RF) carrier generation. Quadrature
signals with phase accuracy and no phase ambiguity are critical
for image-rejection transceivers since they directly affect the
polarity and the outcome of the complex mixers. Phase error
existed in quadrature signals will add to the error of a baseband
signal and deteriorate the bit error rate (BER) of a commu-
nication system. Thus, a high performance quadrature signal
generation technique with both low noise and decent phase
accuracy is highly desirable for complex signal modulation and
demodulation.
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Several techniques can be employed to produce quadrature
signals [1]–[4], i.e., i) a voltage-controlled oscillator (VCO)
with a doubled frequency followed by a divide-by-two circuit;
ii) a poly-phase filter; iii) a quadrature VCO (QVCO). The first
method requires a VCO operating at twice of the desired fre-
quency which consumes more power because of the additional
divide-by-two circuit. The ploy-phase filter is a narrow-band
technique with large loss. Compared with the first two tech-
niques, QVCO comprises two VCO cores coupled with each
other and can take advantage of the lower power consump-
tion. In addition, its high voltage swing eases the design of the
prescaler and the mixers. The coupling mechanism for a QVCO
can be implemented using active devices or passive compo-
nents like inductors, transformers, and capacitors. One popular
QVCO implementation is coupled with parallel transistors due
to its simplicity and low cost of area [5]. This coupling tech-
nique, however, suffers from a trade-off between phase noise
and phase accuracy because the coupling needs to be strong
enough to provide decent phase accuracy, which degrades the
quality factor of LC tank and phase noise performance [4], [6].
Also extra power consumption is required to properly bias the
coupling transistors. In order to improve the phase noise perfor-
mance, transistors in series can be placed at the top or bottom
of the main amplifying transistors [4], [7]; however, the para-
sitic capacitance introduced by the coupling transistors will re-
duce the frequency tuning range and the voltage headroom for
the signal output is also decreased. Moreover, extra power con-
sumption is required to maintain the signal amplitude since the
coupling strength required to maintain phase accuracy lowers
the signal swing. Another disadvantage of the QVCO coupling
using active devices, especially with parallel transistors, is the
noise degradation resulted from the current noise introduced by
the coupling transistors.
To eliminate noise degradation introduced by the coupling

mechanism, noiseless components such as transformer, in-
ductor, and capacitor can be used for coupling. A QVCO
with transformer coupling which is based on the technique of
super-harmonic coupling [1] shows good phase noise perfor-
mance with the expense of inductor area. An energy-circulating
QVCO with inductive coupling can achieve even much better
phase noise performance than the single-phase VCO of the
same kind [8], yet it comes at the cost of additional area of two
inductors. In order to reduce the area of a coupling transformer,
the secondary coupling tank can share the tank area with the
resonant tank and it can achieve a decent figure-of-merit (FoM)
[9]. However, transformer models are either not accurate or not
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Fig. 1. Conventional quadrature VCO with parallel coupling transistors.

available in most commercial CMOS technology and it requires
extra effort to develop an accurate transformer model. There-
fore, QVCO with capacitive coupling techniques [10]–[12]
have been developed to simplify the circuit design with good
noise performance and small area.
Various QVCO coupling mechanisms have been developed

in search of improved phase noise performance, yet another im-
portant aspect of the QVCO design, the phase ambiguity, is
often overlooked. The understanding of the phase ambiguity
and the stability is critical since a typical QVCO may operate
at either one of its two stable modes with different phase re-
lationships. Each stable mode corresponds to or
phase relationship between the two outputs of the QVCO. How-
ever, quadrature signals with deterministic phase relationship
are often required for proper image rejection in RF receivers
[13]. The phenomenon of the bimodal oscillation has been ob-
served and phase shifter in the coupling path can help solving
this problem [14]–[16]. Theoretical analysis and experimental
results prove that the phase shift of 90 introduced in the quadra-
ture-coupling path provides optimum phase noise performance
and minimum phase error arising from mismatch between two
VCO cores [16]. However, the phase shift of 90 has to be im-
plemented with poly-phase shifters [16], or additional active de-
vices stages [17], or source degenerated phase shifter [18] for
QVCO using parallel coupling transistors.
For a conventional QVCO with parallel coupling transistors

as shown in Fig. 1, the iVCO and the qVCO couple with each
other at the gate of the coupling transistors and the largest
energy injection happens at the zero-crossings of the VCO
output swing. According to the impulse sensitivity function
(ISF) theory [19], the VCO phase noise is most sensitive to
disturbance near the zero-crossings of the oscillation. Conse-
quently the phase noise of the quadrature outputs is degraded
due to the fact that the amplitude-to-phase noise conversion
in this topology is largest at their zero-crossings. It is for this
reason that a QVCO with parallel coupling ends up with worse
phase noise than that of its single-phase counterpart.
The current trend of technology scaling presents challenges

for circuit designs. Feature size shrinking forces the power
supply drop below 1 V. Lowered supply voltage limits the
output swing that can be generated, which further limits the
phase noise that an oscillator can achieve. A Colpitts QVCO
with enhanced swing and capacitive coupling technique [20]
for low phase noise performance has been proposed for a 0.6-V
supply voltage. The capacitive coupling (CC)-QVCO, as shown
in Fig. 2, not only achieves low phase noise performance under
a low supply voltage, but also guarantees stable oscillation with
an intrinsic phase shift in the coupling path.

Fig. 2. ProposedQVCOwith optimized capacitive coupling and intrinsic phase
shift.

Fig. 3. Voltage waveforms for different coupling-strength factor .

This paper will present the details of the proposed capaci-
tive-coupled QVCO (CC-QVCO) [20]. In Section II, we will
introduce the architecture of the CC-QVCO, the noise-reduc-
tion technique and the optimization of the capacitive coupling.
Moreover, the transconductance (effective ) enhancement
technique for power reduction and the intrinsic phase shift for
stable oscillation will be analyzed in Section II. Section III pro-
vides the implementation and experimental results for the pro-
posed CC-QVCO. Finally, conclusions are drawn in Section IV.

II. CC-QVCO WITH NOISE REDUCTION AND STABLE
OSCILLATION

A. Architecture of the CC-QVCO

As shown in Fig. 2, instead of using noisy transistors for
quadrature signal coupling, capacitive coupling is employed to
improve the phase noise performance of the QVCO. To achieve
large output swing required for good phase noise performance
under a low supply voltage around 0.6 V, an enhance-swing
(ES) Colpitts VCO structure similar to [21] is adopted. Different
from simple ES Colpitts VCO, enhancement technique is
employed using the cross-coupled capacitors to reduce the
power consumption. The proposed CC-QVCO is composed of
two such enhanced VCO cores and four quadrature-cou-
pling capacitors . The coupling-strength factor between
the iVCO and qVCO is defined as

(1)
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Fig. 4. Half circuits of differential Colpitts VCOs used to analyze the start-up condition and resonance frequency. (a) Conventional structure with current tail. (b)
ES VCO. (c) ES VCO with cross-coupled positive feedback at source. (d) ES VCO with cross-coupled positive feedback at drain.

Assuming the transient voltages of the quadrature output sig-
nals as and , the voltage
signal at the gate of is

(2)

The voltage waveforms with different coupling-strength
factor are illustrated in Fig. 3. As it can be seen from the figure,
the smaller the coupling strength factor is, the farther the
peak of deviate from the zero-crossing of and .
Because the voltage at the drain of each transistor has the same
phase as its source voltage, the voltage peak on the gates can
also be shifted away from the zero-crossings of the output
voltage. As a result, the amplitude of the gate voltage is no
longer the maximum during the zero-crossings of the VCO
output swing. Moreover, the effective ISF for the CC-QVCO
can also be improved. Therefore, the amplitude-to-phase noise
conversion between the two VCO cores is reduced and the
phase noise performance of the CC-QVCO is improved.
In addition, phase noise is further improved by placing diode

junction varactors with reference to the ground. The quality
factor reduction caused by the parasitic diodes has been avoided
because the VCO tank on n-type anode has been isolated from
substrate since the p-type cathode is connected to a dc bias
voltage [22], [23]. The combination of these techniques de-
scribed above enables the proposed CC-QVCO with low phase
noise ( @ 1-MHz offset) and low power con-
sumption (4.2 mW).

B. Colpitts VCO Core With -enhancement

A Colpitts VCO features superior phase noise characteristics
than cross-coupled VCO since the noise injection from active
devices for the former structure is at the minimum of the tank
voltage when the ISF is low [2], [19]. Unfortunately, a Col-
pitts VCO requires large transconductance which means more
power to meet the start-up conditions in the presence of process-
voltage-temperature (PVT) variations. Therefore, high power
dissipation is necessary to ensure reliable start-up.
Fig. 4 shows the half circuits of different Colpitts VCO

topologies. The derivation of the small-signal admittance for
Colpitts VCO with current tail as shown in Fig. 4(a) is straight-
forward and can be written as

(3)

where the is the transconductance of . The admittance of
an ES-Colpitts VCO shown in Fig. 4(b) with tank 2 to enhance
the signal swing is given by

(4)

(5)

Equation (4) is based on ideal lossless inductor , i.e.,
. Shown in Figs. 4(c) and 4(d) are other two Colpitts

VCO structures with enhancement. ES VCO of Fig. 4(c)
places the cross-coupled capacitor at the source. The admittance
looking into the half-circuit can be derived with the Kirchhoff’s
circuit laws (KCL). The voltage at the drain can be expressed as

(6)

The admittance for the ES VCO with enhancement
placed at source is defined as

(7)

where the is the transconductance of . By assuming an
ideal lossless inductor , the admittance for VCO
can be rewritten as

(8)
Similarly, the admittance for VCO as shown in

Fig. 4(d) can be derived as

(9)

The real parts of those equations represent the negative
transconductance required to start the oscillator. The larger
the absolute value of the transconductance is, the smaller the
power consumption is required for start-up. Oscillators will
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Fig. 5. Calculation results of: (a) conductance and (b) susceptance for different Colpitts VCOs. Component values used for calculation are as following:
, , , , .

Fig. 6. Simulation results of: (a) conductance and (b) susceptance for different Colpitts VCOs. Components used for simulation are the same as calculation.

fail to start oscillation when the negative admittance cannot
compensate the tank loss. The real admittances for the four
VCO topologies are expressed as follows:

(10)

(11)

(12)

(13)

Fig. 5(a) shows the calculated real admittances of the
four VCO structures. As shown in the frequency range of

, the conductance of VCO is about 1.5
times that of ES VCO and thus relaxes the start-up require-
ment. Compared with conventional Colpitts VCO with ideal
current tail, the improvement at is about 35%.
Therefore, the power consumption is reduced and improved
FoM can be achieved. The improvement has been verified

through simulation and the simulated admittances are shown
in Fig. 6. Although the simulated conductance improvement
is smaller than the calculation result, the Colpitts VCOs with

enhancement as shown in Figs. 4(c) and 4(d) still achieve
lower power consumption than the other two structures. The
discrepancies between Figs. 5 and 6 are caused not only by
using simplified small-signal transistor models with first-order
approximation, but also by neglecting , , and other
parasitic capacitances for deriving the analytic expressions.
However, Fig. 5 gives first-order approximation of the ad-
mittances. The magnitude of negative decreases when
frequency is reduced, i.e., it becomes more difficult for the
VCOs to meet the start-up condition as frequency decreases.
After a certain frequency value, the becomes positive and
peaks at the resonant frequency of Tank 2 as shown in Figs. 5(a)
and 6(a). The resonant frequency of Tank 2 should be placed
far below the VCO resonance frequency to maintain a sufficient
margin for stable oscillation.
The resonance frequency of the Colpitts VCO core is de-

termined by the inductor and the equivalent capacitance
looking into the drain terminal. The equivalent capacitor
without considering parasitic capacitances can be obtained
from the imaginary part of (3), (4), (8), and (9), as shown in
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Fig. 7. Simulation results of the shrinking factors for ESEGm-D VCO and
ESEGm-S VCO.

Fig. 5(b), while the simulation result for the equivalent capac-
itor is shown in Fig. 6(b). The simulated equivalent capacitor
for VCO is larger than the other two VCOs with
bottom inductors because of the directly added quadrature-cou-
pling capacitors. For the two Colpitts VCO structures shown in
Figs. 4(b) and 4(c), which have inductors at source terminals,
the equivalent capacitance looking into the drain is reduced
since inductor cancels part of the capacitor at the cost of
the bottom inductor. However, the primary goal of the bottom
inductor in this design is to enhance the signal swing under
a low supply voltage. As a result, the resonance frequency is
increased compared with a conventional Colpitts VCO. This
feature is very useful for RF frequency VCO design since the
parasitic capacitance starts to dominate at high frequency.
Although the conductance of VCO can save

much more power than that of VCO, the latter
structure is used because its performance is less sensitive to
the mismatches produced by the quadrature-coupling path than
the former. This can be understood by observing the Colpitts
VCO structure given in Fig. 4(a). The equivalent capacitance
at the drain can be approximate as
around resonant frequency. The capacitance variation
at the source is shrunk by a factor of
and is usually smaller than 0.4 for good phase noise per-
formance. However, the capacitance variation at the
drain directly adds to the total capacitance. Fig. 7 shows the
shrinking factor of capacitance variations for VCO
and VCO. The capacitance variations are applied
to the source for VCO and the drain for
VCO. From Fig. 7, it is known that the shrinking factor for the

VCO is about one fourth of that of the
VCO around the target frequency. Therefore, the
VCO suffers less from the mismatch in the quadrature-coupling
path than the VCO.

C. Noise Reduction for the CC-QVCO

Ideally the phase noise of a QVCO can be reduced by 3 dB
compared to a single-phase VCO that draw half of the current
of the QVCO, and a phase noise normalized to the power con-
sumption would be the same as its single phase counterpart [7].
This assumption does not take into account of various effects

Fig. 8. Simulation results of CC-QVCO outputs and coupling signals with
. The phase difference between the zero-crossing of Iout or Qout and

the peak of Igate or Qgate is about 55 .

that have impact on the phase noise performance, such as addi-
tional noise generated by the coupling devices and the reduction
of effective quality factor of the LC tanks. On the other hand,
the coupled signal is usually at its maximum when the QVCO is
most susceptible to noise, i.e., when the two VCO cores inject
noise to each other during the zero-crossing point of their output
swings. Due to both the additional noise introduced by coupling
transistors and noise injection around the most sensitive time of
output signals, the phase noise normalized to power consump-
tion of the QVCO based on series or parallel coupling [4]–[7]
can only be close, but not as good as that of its single-phase
counterpart.
In order to lower the phase noise, it is beneficial to reduce the

voltage swings of the coupled signals at their zero-crossing time.
By using cross-coupled capacitors for -enhancement and
quadrature-coupling capacitors for quadrature generation, the
voltages on the gate can be shaped for better noise performance.
Fig. 8 shows the simulated transient voltages for the CC-QVCO
with . It is obvious that the voltage maxima of the cou-
pling signal have been shifted away from the zero-crossings of
the output signals. As a result, the amplitude-to-phase noise con-
version between the two VCO cores is reduced and the phase
noise performance of the CC-QVCO is improved beyond what
can be achieved by its single-phase counterpart.
In order to verify the noise improvement, the ISF and effec-

tive ISF of the QVCO and SVCO are obtained using
the direct impulse response measurement method of [19] imple-
mented in MMSIM 10.2. The QVCO and SVCO are simulated
using the same tank inductance and are tuned to oscillate at a
center frequency of 5.8 GHz. The QVCO including two VCO
cores draws twice the current of the SVCO. Fig. 9 shows the
simulated ISFs of the QVCO versus that of the single-phase
VCO (SVCO). The noise-modulating function (NMF) is de-
fined as the instantaneous drain current divided by the peak
drain current over an output signal cycle. The is de-
fined as the product of ISF and NMF. The simulation result
shows that the proposed CC-QVCO achieves lower ISF and
effective than its SVCO core. The corresponding coef-
ficient ratio of to is about 2.1, which means the
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Fig. 9. ISF and ISFeff for CC-QVCO and SVCO with , respectively.

Fig. 10. Simulation results of phase noise for SVCO and CC-QVCOwith
.

noise power resulted from the transistors used in CC-QVCO
will be improved by 6.4 dB. Fig. 10 shows the phase noise
simulation results of the CC-QVCO and its SVCO core. The
proposed CC-QVCO achieves phase noise im-
provement at the frequency offset of 10 kHz to 1 MHz when
compared with its SVCO of the same kind. The noise summary
for 1-MHz offset shows that each of the four transistors for the
CC-QVCO contributes a noise power of ,
while each of the two transistors contributes a noise power of

for the SVCO. Therefore, the noise im-
provement resulted from the transistors can be approximate as

(14)

This value is very close to the simulated improvement
of 6.4 dB. It proves that the CC-QVCO can achieve better phase
noise performance than its SVCO core because of the reduced

. Since the capacitive coupling does not use devices that
introduce extra noise, the CC-QVCO accomplishes 3-dB phase
noise improvement predicted by the theory under ideal condi-
tion [7]. The additional noise improvement beyond 3 dB for the
proposed CC-QVCO is caused by the reduced as shown

in Fig. 7. At lower frequency offset, the noise improvement be-
comes more obvious than that obtained at high frequency offset,
since the flicker noise of transistors dominates the overall noise
performance at low frequency offset and the improvement can
be more than 3 dB.
It is for the mechanism described above, that the proposed

CC-QVCO outperforms the most of QVCOs published so far
with good phase noise, low power consumption and small area.

D. Optimization of Capacitive Coupling

In this section, the optimization of capacitive coupling
strength factor as defined in (1) is discussed. The phase
noise improvement of CC-QVCO compared with its SVCO
counterpart depends on the coupling-strength factor . On the
other hand, the coupling strength should be as large as possible
to reduce the phase error. Thus, the selection of is a trade-off
between noise improvement and phase error. Regardless of
the trade-off, the proposed CC-QVCO is advantageous over
conventional QVCO structure for the following two reasons:
i) it completely eliminates the noise sources associated with
the transistors used for quadrature coupling; ii) it provides
phase noise improvement beyond 3-dB theoretical prediction;
especially the flicker noise can be further improved further
because of the reduced .
Shown in Fig. 11 are the simulated phase noise improvement

and the phase errors for different coupling strength factor .
The simulation for both the phase noise and the phase error is
based on the assumption of 1% mismatch for the LC tank. It
can be seen that the phase noise improvement is relatively con-
stant around 3.5 dB @ 1-MHz offset when is between 0.3
and 0.5. The phase noise improvement for lower offsets reaches
their peaks when is around 0.25. The phase noise improve-
ment gradually disappears as approaches 1. When is equal
to 0, i.e., quadrature coupling disappears, the two VCO cores
become independent to each other and hence fail to produce
quadrature outputs. With the mismatch included in the LC tank,
the noise improvement has dropped to 0 when becomes 0.1
instead of 0. Given the 1% tank mismatch, the two VCO cores
are relatively independent from each other and cannot produce
quadrature outputs when is smaller than 0.1. On the other
hand, the phase error increase rapidly as approaches 0. There-
fore, there is an optimum point of to achieve the best phase
noise improvement with acceptable phase error. Furthermore,
the VCO design cares more about the out-of-band noise at large
offset frequency since the close-in noise can be filtered by the
phase-locked-loop (PLL). Considering all the factors described
above, the coupling strength factor of 0.4 is chosen to imple-
ment the proposed CC-QVCO.

E. Intrinsic Phase Shift to Avoid Phase Ambiguity

This section starts with an introduction to the linear QVCO
model followed by derivations for the intrinsic phase shift of the
proposed CC-QVCO.
To generate quadrature outputs, two stand-alone, nominally

identical VCO cores have to be coupled with each other with
active devices or passive components. However, the oscillation
frequency of a QVCO will depart from the resonance frequency
of individual VCO cores because of the coupling mechanisms.
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Fig. 11. Simulation results of phase noise improvement and phase error for
different coupling strength factor m with .

Fig. 12. (a) Linear model of quadrature oscillator. (b) Equivalent model of in-
dividual VCO with coupling effects.

The behavior of the two VCO cores including coupling effects
can be modeled by a simplified linear model [7], [15] [17], as
shown in Fig. 12(a), where provides a negative resis-
tance compensating the energy loss due to the equivalent resis-
tance R of a LC tank, and represents the transconductance
of the coupling mechanism between the two VCO cores.
Fig. 12(b) presents the equivalent model for each VCO with

quadrature-coupling mechanism. Since one VCO core may lead
or lag the other VCO core by 90 phase, is introduced to
the coupling transconductance. For a conventional QVCO with
parallel coupling transistors [24], the frequency deviation can
be found with steady state analysis as

(15)

where the positive or negative sign depends on whether the
iVCO leads or lags the qVCO by 90 ; is the resonance fre-
quency of individual LC tank; C is the capacitor of the LC
tank; and is the equivalent transconductance of the quadra-
ture-coupling mechanism between the two VCO cores. From
(15), it is obvious that the larger the is, the larger the fre-
quency deviation from becomes, which worsens the quality
factor of the LC tank. It is desirable to decrease the coupling
strength to improve the phase noise performance. The trade-off
between the phase noise and phase error calls for a solution that
can maintain the phase noise performance without sacrificing
the phase error.

Another commonly seen problem for a QVCO design is the
phase ambiguity, i.e., the phase relations between the QVCO
outputs could be either or . It is essential to provide
90 -quadrature phase signals with deterministic phase relation-
ship since a receiver or transmitter which has been hard-wired
to the QVCO outputs cannot distinguish complex signals if the
output phases are ambiguous, i.e., the wanted sideband might be
suppressed and instead the image signal might be detected after
the image rejection receiver. Although the asymmetry between
two VCO cores can help the QVCO to operate in one of the two
stable modes, the bimodal oscillation can still exist due to PVT
variations. Usually, a phase shifter could be introduced in the
quadrature-coupling path to allow only one deterministic stable
quadrature outputs, either or [14]–[18]. To allow
only one modal oscillation, the phase shift can be introduced by
using cascode transistor [14]. From theoretical point of view,
90 -phase shift in the coupling path achieves not only the min-
imum phase noise performance, but also the best tolerance to
component mismatches between the two VCO cores [16], [17].
However, those coupling mechanism with phase shifter still de-
teriorate the phase noise performance because of the extra noise
from the coupling transistors.
The noise degradation and phase ambiguity between the two

VCO cores can be solved simultaneously with the proposed Col-
pitts CC-QVCO. The CC-QVCO has an intrinsic phase shift in
the quadrature-coupling path and it can avoid the problem as-
sociated with the bimodal oscillation. To illustrate this effect,
a linear model similar to the one shown in Fig. 12(a) needs to
be developed. Unlike a conventional QVCO with parallel cou-
pling, the proposed CC-QVCO is based on Colpitts VCO struc-
ture and the quadrature-coupling transconductance is not
intuitive.
According to the linear model of Fig. 12(a), the can

be found by grounding node B and applying a voltage source
at node A. The can be defined as the ratio of the

current flowing into ground to the voltage source applied
at node A. Similar method can be used to find the quadrature-
coupling transconductance for the CC-QVCO. Fig. 13(a) shows
the circuit schematic used to analyze the quadrature-coupling
transconductance, where dc bias circuitry and LC tanks are not
shown as they do not affect the analysis.
The coupling path from qVCO to iVCO has been discon-

nected and the loading effect resulted from capacitor and
is model by impedance expressed as

(16)

In order to find the transconductance, the outputs of the
second VCO are grounded and a differential voltage is applied
to the iVCO as shown in Fig. 13(a). The can be found
with the following expression:

(17)

The circuit in Fig. 13(a) is differential, and it can be simpli-
fied to half circuit as shown in Fig. 13(b). The following two
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Fig. 13. (a) CC-QVCO circuit for the derivation of Gc(s). (b) Simplified half-circuit model for the derivation of Gc(s). The dc bias and varactors (included in C2)
are not shown in the figure and the ground symbols represent ac ground.

equations are defined to simplify the derivations:

(18)

(19)

where represents the equivalent parallel resistance of the
inductor .
The voltage on the gate of is determined by the voltage

at source terminal and it is given by

(20)

Applying KCL at node , the currents flowing into the node
is zero, namely,

(21)

Similarly, the KCL equations for the node , , , and
output can be written as

(22)

(23)

(24)

(25)

Replacing the and with the value obtained from (20)
and (22), respectively, (21) can be rewritten as

(26)

(27)

(28)

From (22) and (24), it can be seen that and are of
opposite signs.

(29)

Combining (23), (25), and (29), the solution for and
can be found as

(30)

(31)

where , , and are used to simplify the expression and

(32)

The relationship between and output current can be
solved by replacing the and with (30) and (31). Then
the final solution for the coupling transconductance of the pro-
posed QVCO can be written as

(33)

In Fig. 14, we compare predictions from the above equations
with simulations for the following component values:

, , , ,
, , , and . Because the

analytical equation does not include parasitic capacitances and
resistances such as , , and , the simulated phase
shift of 51 is lower than the one obtained from the calcula-
tion of 78 at 5.6-GHz frequency. According to the simulation
done in MMSIM 10.2, the parasitic capacitance is found
to be 50 fF which is comparable to the cross-coupled capacitor

and quadrature-coupling capacitor and it explains the
difference. Nevertheless, the analytical derivation can help pre-
dicting the phase shift available to avoid ambiguous oscillation.
In order to illustrate that the proposed CC-QVCO can operate

at only one of the two stable modes, simulations are done with
artificial phase shifts introduced into the quadrature-coupling
path. The simulation results are obtained from the PSS plus
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Fig. 14. Simulation results of phase shift versus analytical formula for quadra-
ture-coupling transconductance.

Fig. 15. Simulation result of oscillation frequency and phase noise with artifi-
cial phase shift introduced in the coupling path.

Pnosie feature of MMSIM 10.2. Fig. 15 shows the phase noise
and the frequency variation with artificial phase shift, where the
separation region of mode I and mode II is at 38 and .
When the artificial phase shift is between and 38 , the
output phase of i-VCO lags that of the qVCO by 90 , which
is defined as mode I. For mode II, the output phase of iVCO
leads qVCO by 90 . Without the 38 -phase margin, the region
separating mode I and mode II would be around 0 . In other
words, the intrinsic phase shift of the CC-QVCO has already
shifted the separating region from 0 to 38 . Since the result of
38 is obtained from large signal simulation, the practical safety
margin for phase shift has been dropped down compared with
the ac simulation result of 51 . Moreover, the phase noise is
optimum around 0 -artificial phase shift as shown in Fig. 15.
Therefore, the proposed CC-QVCO achieves good phase noise
performance with the intrinsic phase shift of 38 introduced by
the coupling path. On the other hand, the variations of the sim-
ulated phase noise is less than 2.5 dB, that is to say, the phase
noise performance is not so sensitive to the variation of phase
shift and the phase shift can be increased to leave more margin
for stable oscillation.

F. Quadrature Inaccuracy

Mismatches between the two VCO cores for quadrature gen-
eration cause the outputs to deviate from condition and

Fig. 16. Simulation result of output phases with artificial phase shift introduced
in the coupling path (with ).

the amplitudes to be unequal. Compared with unequal ampli-
tude, phase accuracy between the quadrature outputs is the pri-
mary concern for QVCO circuits since the amplitude mismatch
has less impact on receiving or transmitting mixers if limiting
buffers are used. Conventional QVCO with parallel coupling
is less sensitive to component mismatch when the introduced
phase shift in the coupling path is around 90 [16]–[18]. Ac-
cording to this theory, the proposed CC-QVCO would show
minimum sensitivity around artificial phase shift since the
intrinsic phase shift in the coupling path is 38 . Fig. 16 shows
the simulated quadrature inaccuracy due to 1% mismatch be-
tween the resonant LC tanks. A phase shift of 90 in the cou-
pling path is also the optimum point for the CC-QVCO to reduce
the phase inaccuracy arising from component mismatches. The
simulation results further validate the theory proposed by [16].
Although not optimum, the intrinsic phase shift of 38 in the
coupling path is good enough to avoid ambiguous oscillation.

III. IMPLEMENTATION AND MEASURED RESULTS

The CC-QVCO was implemented in a CMOS tech-
nology and the die photo of the chip is shown in Fig. 17. The
QVCO core including the pads and testing output buffers oc-
cupies an area of , while the core of the QVCO
takes only . After careful trade-off between phase
noise improvement and phase accuracy, a quadrature-coupling
strength factor of is chosen with and

. Both the load tank and are of symmetric
structure and their values are: and

. The extracted parasitic capacitance at each source ter-
minal is around 300 fF mainly caused by the cross-coupled
wiring and diode wiring. Therefore, the output frequency of the
CC-QVCO is more stable with the cross-coupled connections
and the varactors placing at the source terminal than at the drain
terminal.
The phase noise is measured using an Agilent E4446A spec-

trum analyzer with phase noise option. The design provides
the reconfigurability to form either a CC-QVCO or a SVCO
for comparison. Fig. 18 shows the phase noise for both the
CC-QVCO and SVCO measured under the same bias condi-
tions. The CC-QVCO and SVCO achieved measured phase
noise of and @ 3-MHz offset
while consuming 4.2 mW and 2.1 mW, respectively. The phase
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Fig. 17. Die photo of the implemented QVCORFIC ( including
pads).

Fig. 18. Measured phase noise of: (a) SVCO and (b) QVCO.

noise improvement of the CC-QVCO over SVCO is about 3.3
to 4.6 dB from 100-kHz to 10-MHz offset frequency range.
The measurement result demonstrates the effectiveness of the
proposed capacitive coupling in improving the phase noise
performance. The measured FoMs at 3-MHz offset are 190 dB
and 191.4 dB for SVCO and QVCO, respectively.
The frequency tuning ranges from 5.4 GHz to 5.62 GHz for

CC-QVCO and from 5.46 GHz to 5.68 GHz for SVCO, respec-
tively, as shown in Fig. 19. The phase noise of QVCO varies
from to @ 3-MHz offset in
the entire tuning frequency range. The measured phase noises
for both the QVCO and SVCO are about higher
than the simulation results across the tuning range; but the mea-
sured noise improvement of QVCO over its SVCO counterpart
agrees well with the simulation results. A larger tuning range
can be achieved by including additional digital controlled ca-
pacitor array in parallel with the load tank or the bottom tank.
The phase noise for both the QVCO and SVCO with larger
tuning range will increase; and the noise degradation depends
on the quality factor of the additional capacitor array or var-
actor. However, the phase noise improvement for the QVCO
compared with its SVCO core is still valid.
Since the CC-QVCO includes a second inductor at the

bottom to enhance the signal swing, this second tank might start
oscillation and generate unwanted second oscillation frequency.
The resonant frequency of the bottom tank has been kept about
2.5 GHz below that of the load tank. Fig. 20 shows the measured
output spectrum at 5.6 GHz frequency. The output spectrum is

Fig. 19. Measured frequency tuning range and phase noise of QVCO and
SVCO.

Fig. 20. Measured output spectrum for the CC-QVCO.

clean without any unwanted resonant frequency around 3 GHz
that might be generated by the bottom tank.
Shown in Fig. 21 are the output voltage waveforms at

5.6 GHz frequency. As being described in Section II-E, the
intrinsic phase shift of 38 in the coupling path helps the
proposed CC-QVCO to generate quadrature outputs of
between iVCO and qVCO. Three prototype boards have been
measured to observe the output voltage and the quadrature
accuracy. The quadrature phase error ranges from for
the three prototypes. Assuming all the phase error is caused by
the tank mismatch, this measured phase error corresponds to a
tank mismatch less than 1%. Assuming this phase error is the
only error existing in an image rejection receiver, this phase
error would cause to an image rejection ratio less than 31.6 dB.
It should be pointed out that the measured phase error is also
contributed by the mismatches between the quadrature signal
paths including the buffers, package pins/pads, cables and
connectors. The actual phase error caused by the QVCO should
be smaller than the error observed. Moreover, the quadrature
relationships between iVCO and qVCO are deterministic for
the three measured boards. Therefore, the phenomenon of
bimodal oscillation has been avoided for the three prototypes.
Table I summarizes the performance of the proposed

CC-QVCO and comparison with previously published QVCO
work. When compared with the prior art, the proposed Colpitts
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON OF QVCOS WITH DIFFERENT COUPLING TECHNIQUES

Fig. 21. Measured output voltage waveforms for the CC-QVCO.

QVCO achieves a FoM of 191.4 dB, where the FoM and
are defined as [25]

(34)

(35)

In the above equations, is the phase noise at the
offset from the oscillator frequency , is the QVCO’s core
power consumption in , TR is the relative tuning range, and
Vtune is the corresponding range of tuning voltage.

IV. CONCLUSIONS

A CMOS enhance-swing Colpitts QVCO with capacitive
coupling (CC-QVCO) for noise reduction is proposed and
analyzed in this paper. The prototype CMOS CC-QVCO was
fabricated in CMOS technology with measured fre-
quency tuning range about 4%. The CC-QVCO achieves a FoM
of 191.4 dB while the FoM of a SVCO of the same type is 190
dB. The phase noise improvement over SVCO is 3.3 dB and 4.6
dB at 100-kHz and 3-MHz offset, respectively. Moreover, the
intrinsic phase shift in the quadrature-coupling path has been
analyzed, showing advantages of avoiding bimodal oscillations
for QVCO operations. The measurement results demonstrate
not only the effectiveness of the noise improvement using
the proposed optimized capacitive-coupling technique, but
also the intrinsic phase shift that improves the stability of the
CC-QVCO. The CC-QVCO consumes only 4.2-mW power
with a 0.6-V supply and occupies a core area of .

ACKNOWLEDGMENT

The authors would like to acknowledge Jonathan Corriveau,
Andre Aklian, and Geoffrey Goldman for funding and man-
aging this project.

REFERENCES

[1] S. L. J. Gierkink, S. Levantino, R. C. Frye, C. Samori, and V. Boc-
cuzzi, “A low-phase-noise 5-GHz CMOS quadrature VCO using su-
perharmonic coupling,” IEEE J. Solid-State Circuits, vol. 38, no. 7,
pp. 1148–1154, Jul. 2003.

[2] X. Li, S. shekhar, and D. J. Allstot, “ boosted common-gate LNA
and differential Colpitts VCO/QVCO in 0.18- CMOS,” IEEE J.
Solid-State Circuits, vol. 40, no. 12, pp. 2609–2619, Dec. 2005.

[3] J. Crols and M. Steyaert, “A fully integrated 900 MHz CMOS double
quadrature downconverter,” in IEEE Int. Solid-State Circuits Conf.
Dig. Tech. Papers, Feb. 1995, pp. 136–137.

[4] P. Andreani, “A 2 GHz, 17% tuning range quadrature CMOS VCO
with high figure-of-merit and 0.6 phase error,” in Proc. Eur. Solid-
State Circuits Conf., Aug. 2002, pp. 815–818.

[5] A. Rofougaran, J. Rael, M. Rofougaran, and A. Abidi, “A 900 MHz
CMOSLC-oscillator with quadrature outputs,” in IEEE Int. Solid-State
Circuits Conf. Dig. Tech. Papers, Feb. 1996, pp. 392–393.

[6] T. Liu, “A 6.5-GHz monolithic CMOS voltage-controlled oscillator,”
in IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, Feb. 1999,
pp. 404–405.

[7] P. Andreani and X. Wang, “On the phase-noise and phase-error perfor-
mances of multiphase LC CMOS VCOs,” IEEE J. Solid-State Circuits,
vol. 39, no. 11, pp. 1883–1893, Nov. 2004.

[8] C. Yao and A. N. Willson, “A phase-noise reduction technique for
quadrature LC-VCO with phase-to-amplitude noise conversion,” in
IEEE Int. Solid-State Circuits Conf. Dig. Tech. Papers, Feb. 2006, pp.
701–710.

[9] A. W. L. Ng and H. C. Luong, “A 1-V 17-GHz 5-mW CMOS quadra-
ture VCObased on transformer coupling,” IEEE J. Solid-State Circuits,
vol. 42, no. 9, pp. 1933–1941, Sep. 2007.

[10] B. Soltanian and P. Kinget, “A low phase noise quadrature LC VCO
using capacitive common-source coupling,” in Proc. Eur. Solid-State
Circuits Conf., Sep. 2006, pp. 436–439.

[11] C. T. Fu and H. C. Luong, “A 0.8-V CMOS quadrature LC VCO using
capacitive coupling,” in Proc. IEEE Asian Solid-State Circuits Conf.,
Nov. 2007, pp. 436–439.

[12] I. Shen and C. F. Jou, “A X-band capacitor-coupled QVCO using si-
nusoidal current bias technique,” IEEE Trans. Microw. Theory Tech.,
vol. 60, no. 2, pp. 318–328, Feb. 2012.

[13] B. Razavi, RF Microelectronics, 2nd ed. Upper Saddle River, NJ:
Prentice-Hall, 2011.

[14] S. Li, I. Kipnis, andM. Ismail, “A 10-GHz CMOS quadrature LC-VCO
formultirate optical applications,” IEEE J. Solid-State Circuits, vol. 38,
no. 10, pp. 1626–1634, Oct. 2003.

[15] H. Tong, S. Cheng, Y. Lo, A. I. Karsilayan, and J. Silva-Martinez, “An
LC quadrature VCO using capacitive source degeneration coupling to
eliminate bi-modal oscillation,” IEEE Trans. Circuits Syst. I, Reg. Pa-
pers, vol. 59, no. 10, pp. 1–9, Oct. 2012.



ZHAO AND DAI: A 0.6-V QUADRATURE VCO WITH ENHANCED SWING AND OPTIMIZED CAPACITIVE COUPLING FOR PHASE NOISE REDUCTION 1705

[16] A. Miizaei, M. E. Heidari, R. Bagheri, S. Chehrazi, and A. A. Abidi,
“The quadrature LC oscillator: a complete portrait based on injection
locking,” IEEE J. Solid-State Circuits, no. 9, pp. 1916–1932, Sep.
2007.

[17] J. van der Tang, P. van de Ven, D. Kasperkoviz, and A. van Roermund,
“Analysis and design of an optimally coupled 5-GHz quadrature LC
oscillator,” IEEE J. Solid-State Circuits, vol. 37, no. 5, pp. 657–661,
May 2002.

[18] D. Huang, W. Li, J. Zhou, N. Li, and J. Chen, “A frequency synthesizer
with optimally coupled QVCO and harmonic-rejection SSB mixer for
multi-standard wireless receiver,” IEEE J. Solid-State Circuits, vol. 46,
no. 6, pp. 1307–1320, Jun. 2011.

[19] A. Hajimiri and T. H. Lee, “A general theory of phase noise in electrical
oscillators,” IEEE J. Solid-State Circuits, vol. 33, no. 2, pp. 179–194,
Feb. 1992.

[20] F. Zhao and F. F. Dai, “A 0.6 V quadrature VCO with optimized ca-
pacitive coupling for phase noise reduction,” in Proc. IEEE Custom
Integr. Circuits Conf., Oct. 2011, pp. 1–4.

[21] T. W. Brown, F. Farhabakhshian, A. G. Roy, T. S. Fiez, and K. Ma-
yaram, “A 475 mV, 4.9 GHz enhanced swing differential Colpitts VCO
with phase noise of at a 3MHz offset frequency,” IEEE
J. Solid-State Circuits, vol. 46, no. 8, pp. 1782–1795, Dec. 2011.

[22] J. W. M. Rogers, J. A. Macedo, and C. Plett, “The effect of varactor
nonlinearity on the phase noise of complementely integrated VCOs,”
IEEE J. Solid-State Circuits, vol. 35, no. 9, pp. 1360–1367, Sep. 2000.

[23] J. W. M. Rogers, F. F. Dai, M. S. Cavin, and D. G. Rahn, “A multiband
fractional-N frequency synthesizer for a MIMO WLAN trans-

ceiver RFIC,” IEEE J. Solid-State Circuits, vol. 40, no. 3, pp. 678–689,
Mar. 2005.

[24] P. Andreani, A. Bonfanti, L. Romano, and C. Samori, “Analysis and
design of a 1.8-GHz CMOS LC quadrature VCO,” IEEE J. Solid-State
Circuits, vol. 37, no. 12, pp. 1737–1747, Dec. 2002.

[25] B. D. Muer, N. Itoh, M. Borremans, and M. Steyaert, “A 1.8 GHz
highly-tunable low-phase noise CMOS VCO,” in Proc. IEEE Custom
Integr. Circuits Conf., Oct. 2011, pp. 585–588.

Feng Zhao received the B.S. degree in electronic
science and technology from Hunan University,
Changsha, China, in 2006, and the M.S. degree in
microelectronics from Fudan University, Shanghai,
China, in 2009. He is currently working toward the
Ph.D. degree in electrical engineering at Auburn
University, Auburn, AL.
From 2009 to 2010, he worked at Canaantek,

Shanghai, designing fractional-N synthesizer and
analog basedband for GPS receivers. In 2011, he
was a summer intern at Creatronix Semiconductor,

Auburn, where he designed a fractional-N synthesizer with quantization noise
reduction. During the summer of 2012, he interned at Maxim Integrated Prod-
ucts, Sunnyvale, CA. His current research interests are integrated CMOS/SiGe
RF and analog circuits for wireless communication systems, including fre-
quency synthesizers, low noise VCOs/QVCOs, and low power RF front ends.
Mr. Zhao serves as a reviewer for IEEE TRANSACTIONS ON INDUSTRIAL

ELECTRONICS. He won the IEEE Custom Integrated Circuits Conference
(CICC) Intel/Helic student scholarship in 2011.

FaFoster Dai (M’92–SM’00–F’09) received a Ph.D.
degree in electrical and computer engineering from
Auburn University, Auburn, AL, in 1997 and a Ph.D.
degree in electrical engineering from Pennsylvania
State University, University Park, in 1998.
From 1997 to 2000, he was with Hughes Network

Systems of Hughes Electronics, Germantown, MD,
where he was a Member of Technical Staff in very
large scale integration (VLSI), designing analog and
digital ICs for wireless and satellite communications.
From 2000 to 2001, he was with YAFO Networks,

Hanover, MD, where he was a Technical Manager and a Principal Engineer
in VLSI designs, leading high-speed SiGe IC designs for fiber communica-
tions. From 2001 to 2002, he was with Cognio Inc., Gaithersburg, MD, de-
signing radio frequency (RF) ICs for integrated multi-band MIMO wireless
transceivers. From 2002 to 2004, he was an RFIC consultant for Cognio Inc.
In August 2002, he joined Auburn University, where he is currently a Pro-
fessor in electrical and computer engineering. His research interests include
VLSI circuits for analog and mixed-signal applications, RFIC designs for wire-
less and broadband networks, ultra-high frequency synthesis and mixed signal
built-in self-test (BIST). He coauthored the book Integrated Circuit Design for
High-Speed Frequency Synthesis (Artech House Publishers (2006).
Dr. Dai serves as Guest Editor for IEEE JOURNAL ON SOLID STATE CIRCUITS

in 2012 and 2013. He served as Guest Editor for the IEEE TRANSACTIONS
ON INDUSTRIAL ELECTRONICS in 2001, 2009, and 2010. He served on the
technical program committees of the IEEE Symposium on VLSI Circuits
from 2005 to 2008. He currently serves on the executive committee as well
as the technical program committee of the IEEE Bipolar/BiCMOS Circuits
and Technology Meeting (BCTM) and the technical program committee of
the IEEE Custom Integrated Circuits Conference (CICC). He holds 6 U.S.
patents and received the Senior Faculty Research Award for Excellence from
the College of Engineering of Auburn University in 2009.


