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Abstract—The demand for radio frequency (RF) integrated
circuits with reduced power consumption is growing owing to
the trend toward system-on-a-chip (SoC) implementations in
deep-sub-micron CMOS technologies. The concomitant need
for high performance imposes additional challenges for circuit
designers. In this paper, a -boosted common-gate low-noise
amplifier (CGLNA), differential Colpitts voltage-controlled
oscillators (VCO), and a quadrature Colpitts voltage-controlled
oscillator (QVCO) are presented as alternatives to the conventional
common-source LNA and cross-coupled VCO/QVCO topologies.
Specifically, a -boosted common-gate LNA loosens the link
between noise factor (i.e., noise match) and input matching (i.e.,
power match); consequently, both noise factor and bias current
are simultaneously reduced. A transformer-coupled CGLNA is
described. Suggested by the functional and topological similarities
between amplifiers and oscillators, differential Colpitts VCO and
QVCO circuits are presented that relax the start-up requirements
and improve both close-in and far-out phase noise compared to
conventional Colpitts configurations. Experimental results from a
0.18- m CMOS process validate the -boosting design principle.

Index Terms—Colpitts VCO, low-noise amplifier, noise figure,
phase noise, quadrature VCO, radio frequency integrated circuits,
transformer, voltage-controlled oscillator.

I. INTRODUCTION

EXPLOSIVE growth in wireless communication during
the last decade has created a burgeoning demand for low

cost system-on-chip transceivers. Concurrently, the exponential
scaling of CMOS has fueled a drive toward more digital signal
processing functionality integrated with radio frequency (RF)
front-end and mixed-signal baseband circuitry. A key goal is the
realization of state-of-the-art RF front-end circuits that consume
lower power per function for emerging portable applications
dictated by stringent wireless standards [1]. Another challenge
is the design of RF front-end circuits such as the low-noise
amplifier (LNA) and voltage-controlled oscillator (VCO) (used
in the direct conversion receiver front-end of Fig. 1) that have
low noise properties and are robust to process, voltage, and
temperature (PVT) variations. This paper addresses the goal
of designing for simultaneous low noise and low power in RF
LNA and VCO circuits. The design principles, validated in
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Fig. 1. A typical direct conversion receiver front end (top) and a simple
integer-N frequency synthesizer loop (bottom).

0.18- m CMOS prototypes, are also applicable to RF circuit
designs that employ other technologies.

Section II compares the conventional common-source and
common-gate topologies. To retain the advantages of the
common-gate configuration and overcome its deficiencies, a

-boosting scheme applied to a common-gate LNA (CGLNA)
breaks the traditional link between input matching and noise
figure, and leads to a simultaneous reduction in noise and power
dissipation. Section III details differential Colpitts VCO and
quadrature VCO (QVCO) circuits that ease the well-known
start-up difficulties of the conventional Colpitts topology. The
faster switching associated with the differential configuration
improves the phase noise characteristics. In Section IV, experi-
mental results from 0.18- m CMOS prototypes are presented.

II. -BOOSTED COMMON-GATE LOW NOISE AMPLIFIER

A. Principle of Operation

Designing an RF low-noise amplifier for wireless applica-
tions involves several challenges [2]. The LNA must provide
sufficient gain to boost the weak RF input signal received from
the antenna. To ensure proper operation of the off-chip band-se-
lect filter that interfaces the antenna to the LNA, it should exhibit
resistive input impedance (typically 50 ) over the frequency
band of interest; errors in the terminating impedance may result
in substantial performance degradations. It should also add min-
imum noise in the RF signal path while synthesizing the input
impedance; this precludes simple-minded approaches such as
shunting a 50 resistor to ground at the input. LNA design is

0018-9200/$20.00 © 2005 IEEE
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Fig. 2. (a) Conventional, and (b) g -boosted common-gate LNA topologies.

further complicated by tradeoffs among linearity, stability, re-
verse isolation, robustness to PVT variations, power consump-
tion, etc.

The inductor-degenerated common-source LNA (CSLNA)
is a popular choice for narrow-band applications as it provides
both high gain and relatively low noise [3]. However, the
induced gate noise of the input transistor may be significant
because it is enhanced by the quality factor ( ) of the series
resonant input matching circuit [3]. The minimum degeneration
inductance is limited in single-ended implementations as
the MOSFET cutoff frequency increases due to parasitic
bond wire inductance to ground. A fully differential topology
eases this limitation at a cost of twice the silicon area and
power consumption. In general, low noise is achieved using
high power consumption and/or high- off-chip inductors.

The common-gate LNA topology is attractive because the re-
sistive input impedance match is realized as of the input
transistor. Compared to the common-source LNA, the common-
gate configuration features superior broadband input match, lin-
earity, stability and robustness to PVT variations [4]. However,
its noise factor is limited in accordance with the input
match. To appreciate this point, consider a basic common-gate
LNA [Fig. 2(a)]. The dominant noise sources are the noise cur-
rent, , of the source resistance and the drain current noise,

, of the MOSFET; induced gate noise is usually negligible in
a CGLNA circuit. Small-signal analysis reveals the noise factor

:

(1)

With , and ,
(1) reduces to

(2)

Fig. 3. Capacitor cross-coupled common-gate LNA configuration.

where and are empirical process- and bias-dependent
parameters.

The analysis above reinforces the notion of a tight link
between input matching and noise factor in a conventional
CGLNA; i.e., constrained by the input matching condition,

, cannot be increased arbitrarily to reduce
the noise factor. However, the possibility of improved noise
performance arises if a decoupling mechanism is introduced
between the input matching and noise figure characteristics.
From another viewpoint, in (2) should be effectively in-
creased to decrease . This seems infeasible as is
constrained at the device level. As shown below, however, the
goal is met by increasing the effective while keeping
unchanged.

When an inverting gain, , is inserted between gate and
source terminals as shown in Fig. 2(b), the effective is
boosted to , and as a consequence, the noise factor

is reduced to [5], [6]

(3)

Note that the new structure provides the same resistive
input impedance using less bias current in accordance with

. In the -boosted common-gate configu-
ration, smaller bias current means less channel noise from the
input transistor (or ) and a correspondingly smaller noise
contribution.

There are several possible ways to implement the inverting
gain, , but noise issues discourage active realizations and make
passive implementations more attractive. The capacitor cross-
coupling technique of Fig. 3, where the inversion is naturally
available in the differential configuration [7], is a special case of
the general scheme depicted in Fig. 2(b). It has two drawbacks:
it consumes twice the bias current and silicon area as its single-
ended counterpart, and is always less than one due to the
capacitor divider between and coupling capacitance .
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Fig. 4. Transformer-coupled g -boosted common-gate LNA topologies:
(a) single-ended, and (b) fully differential.

B. Transformer-Coupled -Boosted CGLNA

The desire to realize an inverting gain, , greater than one
motivates the transformer-coupled -boosted CGLNA single-
ended [Fig. 4(a)] and fully differential [Fig. 4(b)] circuits. Trans-
former [Fig. 4(a)] consists of primary and secondary in-
ductors, and , respectively. Magnetic coupling between

and provides anti-phase operation between the gate and
source terminals, effectively enhancing the transconductance at
the source of . produces an AC ground for and a
proper DC bias for . Cascode transistor is added to im-
prove reverse isolation between the input and output ports at the
cost of additional noise. Load inductor , along with and

form a tapped-capacitor impedance matching network at the
output.

The input impedance of the transformer-coupled CGLNA is
found using the small-signal model of Fig. 5 wherein the trans-
former model of [8] is adopted and the MOSFET body effect is
neglected. Applying at node with mutual inductance,

, between the primary and secondary windings yields

(4)

(5)

(6)

(7)

(8)

Solving (4)–(8) with coupling coefficient and
turns ratio gives the input admittance

(9)

Fig. 5. Small-signal model for transformer-coupled g -boosted CGLNA
analysis.

For modern IC technology, the coupling coefficient is typi-
cally in the range of 0.6–0.9. Hence, ,
and (9) reduces to

(10)

With , (10) becomes

(11)

Thus, the inverting gain factor, , is
determined by the turns ratio and the coupling factor; i.e., the
transformer-coupled configuration provides an additional de-
gree of freedom in setting the value of . It is seen from (11)
that transformer coupling increases the effective transconduc-
tance by . Equation (11) has a clear physical meaning:
the input impedance of the -boosted CGLNA can be viewed
as a parallel-resonant circuit, in contrast to the series-res-
onant circuit characteristic of CSLNA, where

(12)

(13)

(14)

In the case of ideal magnetic coupling with and ,
the input admittance is

(15)

Owing to boosting, the CGLNA noise factor is reduced
to , neglecting induced gate noise, under
the input matching condition . This suggests
that increases in reduce to an arbitrarily low value, which
is not correct. When induced gate noise is considered, is (as
discussed in the Appendix)

(16)
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Equation (16) suggests that should be maximized to minimize
. Simplification of (16) assuming an ideal coupling coefficient

of gives

(17)

The effect of boosting by transformer coupling on is
clearly seen from (17); i.e., channel noise is reduced by

while induced gate noise is increased by the same factor.
Thus, the optimum turns ratio occurs where the contributions
of channel noise and gate noise are equal. Setting
results in

(18)

The corresponding optimum noise factor is

(19)

Note that the optimum noise factor in (19) assumes a
power-matched condition, which is therefore higher than the
minimum noise factor, , obtained for the noise-matched
case. Nonetheless, excellent noise performance is achieved
from the -boosted CGLNA. The conventional CGLNA is a
special case of the -boosted CGLNA with . Hence,
from (16) or (17), its value is

(20)

In practice, nonidealities associated with an on-chip trans-
former limit improvement with increased . Recall that the sec-
ondary inductance of the transformer scales quadratically with

. Hence, both the parasitic resistance and capacitance of the
secondary scale similarly. Losses associated with these para-
sitic elements at the gate of the transistor manifest as increased
noise at the output. A large value of is also not feasible be-
cause of the corresponding restrictions on the self-resonant fre-
quency. Finally, practical considerations limit between 2 and
3 to achieve the optimal noise factor.

III. DIFFERENTIAL COLPITTS VCO AND QUADRATURE

VCO CIRCUITS

A. Differential Colpitts VCOs

Amplifier and oscillator circuits share many similarities in
that an oscillator can be viewed as an amplifier configured in
positive feedback fashion. More specifically, a cross-coupled
oscillator [Fig. 6(a)] is essentially a two-stage common-source
amplifier and a Colpitts oscillator [Fig. 6(b)] is basically a
one-stage common-gate amplifier. The cross-coupled VCO
in CMOS has attracted considerable interest due to its easy
start-up and good phase noise characteristics [9]–[13]. On the
other hand, the Colpitts configuration features superior phase
noise because noise current from the active devices is injected
into the tank during minima of the tank voltage when
the impulse sensitivity is low [14], [15]. Unfortunately, the

(a) (b)

Fig. 6. (a) Cross-coupled and (b) Colpitts VCOs.

conventional Colpitts VCO suffers from poor start-up charac-
teristics; i.e., higher power consumption is needed to ensure
reliable start-up in the presence of standard PVT variations.
The capacitor feedback network also reduces its tuning range.
Finally, the lack of differential outputs needed to suppress
common-mode coupling such as that from substrate, etc., has
impeded its adoption in CMOS.

The synthesis of a differential Colpitts oscillator using a cur-
rent-switching technique was described in [16]. Based on the
similarities between amplifiers and oscillators, alternative ap-
proaches to overcome the difficult start-up shortcoming are pre-
sented herein. Section II showed that simply connecting the gate
terminal in a conventional common-gate configuration to a DC
bias voltage is inefficient and this certainly applies to the con-
ventional Colpitts oscillator of Fig. 7(a). As described above,
coupling the signal from the source to gate terminal enhances
the effective transconductance, and improves the start-up be-
havior of the Colpitts oscillator. The first step in synthesizing
a circuit with improved start-up performance is to float the gate
node [Fig. 7(b)]. The next step is to apply the appropriate signal
to the gate. Note that such an inverted signal does not exist in
the single-ended version of Fig. 7(b).

Bearing in mind that a differential Colpitts oscillator is to
be synthesized with enhanced effective transconductance, the
intermediate differential version of Fig. 7(c) follows in which
the required inversion is readily available. Next, the gate nodes
are connected to the source nodes of the opposite sides as in the

-boosted CGLNA. This leads to the conceptual differential
Colpitts VCO in Fig. 7(d). Finally, DC bias circuitry including
blocking capacitors and bias resistors is added leading to the
capacitor cross-coupled Colpitts VCO in Fig. 7(e).

The in-phase relationship between the source and drain
voltages via the capacitive feedback suggests an alternative
topology: the gates and drains of and can be directly
cross-coupled, resulting in the differential Colpitts configu-
ration shown in Fig. 8. Compared to the circuit of Fig. 7(e),
the differential Colpitts VCO is self-biased and requires no
blocking capacitors and bias resistors.

The small-signal admittance looking into the drain of or
of the differential Colpitts VCO in Fig. 8 is

(21)
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Fig. 7. Evolution of the differential Colpitts oscillator: (a) conventional, (b) with floating gate terminal, (c) differential with floating gate terminals, (d) capacitor
cross-coupled, and (e) capacitor cross-coupled with DC bias and blocking circuitry.

Fig. 8. Differential Colpitts VCO circuit no. 1 (VCO1).

The real and imaginary parts are

(22)

(23)

Recall that the negative small-signal conductance in the con-
ventional Colpitts oscillator is

(24)

Comparing (22) and (24), it is seen that the negative con-
ductance generated in the new differential Colpitts VCO is

Fig. 9. Differential Colpitts VCO no. 2 (VCO2).

increased by compared to that of the conventional
Colpitts VCO. Hence, the power consumption needed to ensure
reliable start-up is reduced. Note that this factor can be recast
as where is the -boosting factor.

Another benefit of the differential Colpitts VCO is faster
switching of and , which is needed to suppress noise
contributions from the active devices during the zero-crossings
of the tank voltage to improve the phase noise characteristics.

The two current sources in Fig. 8 can be combined using
and as shown in Fig. 9. This arrangement is similar to the
current switching technique described in [16]. The main differ-
ence is that the gates of and in Fig. 9 are connected
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Fig. 10. Simulated phase noise comparison between conventional cross-coupled VCO [Fig. 6(a)] and differential Colpitts VCO circuits VCO1 (Fig. 8) and VCO2
(Fig. 9).

directly to the VCO outputs to relax the voltage headroom re-
quirements.

The conventional cross-coupled VCO, the differential
Colpitts VCO in Fig. 8 (VCO1), and the differential Colpitts
VCO in Fig. 9 (VCO2) are designed and simulated using
Cadence SPECTRE. The three oscillators are designed to op-
erate at the same frequency (1.66 GHz) with the same total bias
current. Each VCO uses the same inductance values and the
MOSFETs are sized for minimum phase noise. The simulated
phase noise characteristics are compared in Fig. 10. The differ-
ential Colpitts VCO1 has superior close-in phase noise and the
differential Colpitts VCO2 has the best far-out phase noise.

B. Colpitts Quadrature VCO

Quadrature down-conversion is often required in direct con-
version, image reject and wide-band IF receiver architectures.
There are several ways to achieve quadrature operation. It can
be achieved using 2 frequency division from a VCO operating
at twice the desired LO frequency. The drawbacks of this ap-
proach are that the VCO operates at a higher frequency and the
additional frequency divider circuitry consumes more power.
Quadrature LO signals are also synthesized by applying differ-
ential signals from a VCO to an RC polyphase filter. Signal at-
tenuation in the passive RC filter usually necessitates the use
of buffers with higher power consumption. A third way to gen-
erate quadrature signals is through the use of a quadrature VCO,
which is essentially a pair of oscillators coupled so that it out-
puts quadrature signals directly [17]–[20]. The key point is that
the unidirectional coupling between the two oscillators should
always be in an inverse sense.

Next, a novel QVCO based on the differential Colpitts VCO2
with its superior phase noise performance is synthesized. Recall
that achieving quadrature operation from two identical oscilla-
tors requires coupling between them; in the differential Colpitts
VCO2 of Fig. 9, and are used as the coupling devices.

More specifically, as depicted in Fig. 11, the gates of and
in the -phase VCO are connected to the outputs of -phase

VCO and those of and are connected to the outputs of
-phase oscillator in an inverse fashion. Positioning the cou-

pling transistors below the switching transistors is referred as
series coupling in [18]. Series coupling has the advantage that
the phase error deviation from the ideal quadrature relationship
is relatively insensitive to the circuit imbalances. Optimization
of the QVCO involves sizing both the switching and coupling
transistors to achieve fast current switching with minimal phase
noise.

IV. EXPERIMENTAL RESULTS

The transformer-coupled CGLNA [Fig. 4(a)], differential
Colpitts VCO1 (Fig. 8), and QVCO (Fig. 11) were fabricated
in a 0.18- m RF CMOS process. The circuits were tested on a
wafer-probe station with high-frequency probing capability.

To verify the -boosting design principle, the turns ratio
in the specific implementation of Fig. 4(a) was designed to be

1:1 due to its ease of implementation and modeling. As de-
scribed earlier, is also possible using a larger turns ratio.
For example, if the turns ratio is 1:2, 2 is achieved
which with results in a lower noise figure. The trans-
former was designed to resonate with the capacitance at the
source of . A transformer circuit model was extracted using
ASITIC. Minimum spacing was adopted to maximize the cou-
pling coefficient . A coupling factor of 0.74 for is predicted
by ASITIC; the measured value is 0.69. Fortunately, the required
modeling accuracy is relaxed owing to the relatively wide-band
input matching characteristics of the CGLNA.

The S-parameters measured using an Agilent E8364A Pro-
grammable Network Analyzer are plotted in Fig. 12. is
9.4 dB with its peak at 5.8 GHz, is 14.8 dB, and is

30.3 dB. As shown, is less than 10 dB from 4 to 7 GHz,
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Fig. 11. Colpitts QVCO.

(a) (b)

Fig. 12. Measured S-parameters of the transformer-coupled CGLNA of Fig. 4(a): (a) S and S , and (b) S and S .

(a) (b)

Fig. 13. Measured (a) IIP3 and (b) noise figure of the transformer-coupled CGLNA of Fig. 4(a).

which validates the broadband input matching of the common-
gate topology and also suggests the possibility of applying the
proposed topology in ultra-wide-band (UWB) receivers.

The third-order input intercept point (IIP3) was measured
using a two-tone test. Two Agilent E8254A Programmable
Signal Generators created the two tones at GHz and

GHz. They are subsequently combined using a
hybrid coupler and applied to the input of the LNA. The LNA

output is fed into an Agilent E4446A Spectrum Analyzer to
perform spectral analysis. The input power is swept from

24 dBm to 0 dBm with steps of 1 dB. Fig. 13(a) plots output
power against input power for both the fundamental and the
third-order intermodulation components, giving an IIP3 of
7.6 dBm.

The noise figure (NF) measured using an Agilent N8975A
Noise Figure Analyzer is plotted in Fig. 13(b). Table I sum-
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Fig. 14. Measured tuning curves: ( ) differential Colpitts VCO and ( ) Colpitts QVCO.

Fig. 15. Measured phase noise: (a) differential Colpitts VCO and (b) Colpitts QVCO.

TABLE I
MEASURED PERFORMANCE SUMMARY OF TRANSFORMER-COUPLED CGLNA

marizes the overall performance of the transformer-coupled
CGLNA.

The differential Colpitts VCO1 (Fig. 8) and QVCO (Fig. 11)
were fabricated in the same process. To deliver sufficient power
to the 50 input of the spectrum analyzer, an open-drain dif-
ferential pair buffer driven by the sources of and is
used. This prevents the buffer from directly loading the tank
circuit. The tuning range is also maintained using the buffer
stage. Simulations show that even with a relatively low power
supply voltage of 1.8 V, the voltage swings at the sources of

and are sufficient to fully switch the buffer stage to
steer the tail current to the 50 output load. Care was taken
in the layout to maintain symmetry to minimize flicker noise
up-conversion. Sizing of the switching transistors involves a
compromise between tuning range and phase noise; several de-
sign and optimization iterations were required to achieve the op-
timal tradeoff.

In implementing the Colpitts QVCO, two on-chip trans-
formers were used to obtain a higher Q ( 10) than for the
inductors used in the VCO, at the cost of some loss
from longer inter-connect lines.
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Fig. 16. Chip microphotograph in a 0.18-�m CMOS process.

TABLE II
MEASURED PERFORMANCE SUMMARY OF DIFFERENTIAL

COLPITTS VCO AND QVCO

The differential Colpitts VCO operates at a center frequency
of 1.79 GHz with a tuning range of 22%, and the Colpitts
QVCO oscillates from 1.83 to 2.24 GHz with a 20% tuning
range as shown in Fig. 14. Fig. 15 shows measured phase noise
characteristics of the Colpitts VCO and QVCO circuits. The
VCO exhibits a phase noise of 97 dBc/Hz at 50 kHz and

128 dBc/Hz at 1 MHz offset, and consumes 3.6 mA of current
from a 2.0-V power supply. The QVCO draws only 4.3 mA
from 2.0 V to attain a close-in phase noise of 104 dBc/Hz at
50 kHz offset. Its phase noise at 1 MHz offset is 127 dBc/Hz.
Table II summarizes the measured performances of the Colpitts
VCO and QVCO circuits. A chip microphotograph is shown in
Fig. 16.

V. CONCLUSION

A -boosted common-gate topology is introduced that ex-
hibits a lower noise figure and consumes less power than a con-
ventional CGLNA while retaining the robust input matching
feature of the common-gate topology. Rather than connecting
the gate terminal to an AC ground, coupling between the source
and gate terminals is used to enhance the effective transconduc-
tance and lower the noise figure. A single-ended fully integrated

Fig. 17. Small-signal model used to calculate the noise factor of the
transformer-coupled g -boosted CGLNA [Fig. 4(a)].

transformer-coupled CGLNA is presented as a specific imple-
mentation for the general -boosted common-gate scheme.

Differential Colpitts VCOs and a quadrature Colpitts VCO
are also described. The differential operation provides faster
commutation with more efficient suppression of phase noise.
The enhancement of the effective transconductance leads to
easier start-up and reduces the DC power needed to guarantee
oscillation. Finally, prototype circuits in a 0.18- m RF CMOS
process validate the -boosting design principles.

APPENDIX

The small-signal model of Fig. 17 is used to perform the
small-signal noise analysis. The first step is to calculate the
transfer functions of the different noise sources; applying
at node gives (A-1)–(A-3), shown at the top of the next page.

For simplicity, apply the approximation
. At the resonance frequency determined

from , (A-1)–(A-3)
simplify to

(A-4)
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(A-1)

(A-2)

(A-3)

(A-5)

(A-6)

From (A-4)–(A-6), the noise factor is

as shown earlier in (16).
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