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Low phase noise LC VCO design in CMOS technology
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Abstract: This paper presents the design and the experimental measurements of two CMOS LC-tuned voltage
controlled oscillators (VCO) implemented in a 0.18 pwm 6-metal-layer mixed-signal/RF CMOS technology. The
design methodologies and approaches for the optimization of the ICs are presented. The first design is
optimized for mixed-signal transistor, oscillated at 2.64 GHz with a phase noise of —93.5 dBc/Hz at 500 kHz
offset. The second one optimized for RF transistor, using the same architecture, oscillated at 2.61 GHz with a
phase noise of —95.8 dBc/Hz at 500 kHz offset. Under a 2 V supply, the power dissipation is 8 mW, and the
maximum buffered output power for mixed-signal and RF transistor are —7 dBm and -5.4 dBm, respectively.
Both oscillators make use of on-chip components only, allowing for simple and robust integration.
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The continuous increase of data speeds in radio
communications has motivated the design and
implementation of RF integrated circuits in the range
of 2 to 6 GHz'' *'. The representative systems include
wireless LAN (WLAN) systems in the US and
European high performance radio LAN (HIPERLAN).
The CMOS technology is attractive from the
standpoints of integration, power, and cost. With the
feature size scaling down to 0.18 wm and below, the
CMOS technology is becoming the most interesting
process for RF integrated circuits.

Integrated LC-tuned VCOs are common function-
al blocks in modern RF communication systems and
generally used as local oscillators for signal up- and
down-converting. Due to the ever-increasing demand
for bandwidth, very stringent requirements are placed
on the spectral purity of local oscillators. Low phase-
noise is required to avoid corrupting the mixer-
converted signal by close interfering tones.

The design of two LC VCOs is presented in this
paper. The first is optimized for a mixed-signal
transistor, and the second is optimized for an RF
transistor. Both circuits are implemented in TSMC’s
0.18 pm CMOS technology.

1 Circuit Design

The schematic of the LC VCO is shown in Fig.1.
It is a cross-coupled differential VCO with both PMOS
and NMOS cross-coupled amplifiers, which generate
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negative resistance to cancel losses of the LC tank.
The tank consists of an inductor and four junction
varactors. The outputs are buffered using source-
followers (M, M;) for the purpose of measurement.
The sources of My and M, are connected to external
bias-Ts to provide high AC impedance. In this way
small transistors can be used to provide enough output
current driving without loading the VCO core
excessively.

Fig.1 LC VCO with varactor tuning

1.1 Phase noise

An important parameter of VCO is the phase
noise in the vicinity of the center frequency f,. The
output phase noise at an offset Af from f, can be
approximated by the following relatioznship

1L (fo) 1
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where k is the Boltzman’s constant, T is the absolute
temperature, A is the noise factor safety margin
necessary to ensure oscillation start-up, V_ is the

ms

root-mean-square voltage at the oscillation node, Z,, =

L/C is characteristic impedance of the tank, and
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Qunk 1s the quality factor'®'. Eq.(1) indicates that
maximizing the quality factor of the tank circuit would
improve the noise performance considerably.

1.2 Integrated inductor

Because the phase noise is primarily dependent
on the inductor’s quality factor, on-chip inductors are
very critical to the design of a fully integrated VCO.
The on-chip spiral inductor is designed to optimize
geometric parameters such as diameter, number of
turns, etc. in order to achieve a minimum loss. The
turns of the inductors provided by Foundry are 2.5,
3.5,45,5.5, 6.5, 7.5. The inductor used for our
design has been chosen between these inductors for a
maximum quality factor. It has a quality factor above
9 between 2.0 and 3.0 GHz for 2.5 turns with a
diameter of 120 pwm realized on the top layer of 2 pm
thick metal, and the inductance is 2.3 nH.

1.3 The varactors

The variable capacitor needed for frequency
tuning can be implemented in an MOS varactor and
p "n junction varactor. Our oscillator is simulated with
a p'n junction varactor and an MOS varactor,
respectively, and the oscillation waveforms are
observed. The simulation results demonstrate that the
oscillator using the p “n junction varactor has much
better oscillation waveforms than that using the MOS
varactor. Also the first one has a spectrum of greater
purity than the second one. Thus, p“n junction
varactors have been used in the oscillator.

Each junction varactor uses 37 P” strips. Each
strip has a width of 0.42 pm and a length of 40 pm;
the capacitance varies from 1.12 to 1.48 pF. To obtain
a center frequency of 2.7 GHz, four junction varactors
are used: two in the series are connected in parallel
with two other varactors in a series as shown in Fig.1.

1.4 The cross-coupled amplifiers

Two cross-coupled amplifiers provide negative
resistance to compensate the losses in the LC reson-
ator. The resistance of one cross-coupled amplifier
(see Fig. 2) can be calculated as

Vin = Vg — Vgq1 (2)

lin =8miVgt = ~8mUgn 3)

From Eqgs.(2) and (3), the input resistance R, can
be expressed as

T
Lin

— )
8m  8m
where g, and g,, are transconductances of transistors
M, and M,, respectively. With g, =g, =g, , Eq.(4)

in
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(a) (b)
Fig.2 Cross-coupled amplifier.(a) Amplifier circuit;
(b) Equivalent circuit

For the two cross-coupled amplifiers shown in
Fig.1, the negative resistance is simply the negative
resistance of transistors M,/M, in parallel with that of
the transistors M;/M,, and it can be expressed as

Ry=-——2— ©)

gmiz t 8msa
where g, and g, are transconductances of
transistors M,/M, and M,;/M,, respectively. The
condition to ensure stable oscillation is that the loss of
LC resonator must be cancelled by the negative
resistor given by Eq. (6). When the total loss is
expressed by an equivalent resistance R, which is in
parallel with the LC tank, the condition of oscillation

1S
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Note that the circuit with two cross-coupled
amplifiers can satisfy Eq.(7) more easily than a single
cross-coupled one.

2 IC Fabrications

The oscillator was designed in TSMC’s 0.18 pm
1P6M CMOS technology in two versions, one with a
mixed-signal transistor and the other with an RF
transistor as shown in Fig.3 and Fig.4, respectively.

Fig.3 Microphotograph of oscillator with mixed-signal
transistor

Fig.4 Microphotograph of oscillator with RF transistor
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3 Measurement
3.1 Frequency tuning

The implemented VCOs were measured using on-
wafer probing together with a 22 GHz HP8593A
spectrum analyzer. The frequency-voltage charac-
teristics were measured for V_, between 1.2 V and 3.0
V with 2 V V, as shown in Fig.5. The frequency
tuning ranges measured are about 8.6%.
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Fig.5 Frequency vs. tuning voltage

3.2 Phase noise

The phase noise was measured using an
HP8593 A spectrum analyzer. For the measurement of
the phase noise, the control voltage of the varactor is
set internally to 1.2 V to avoid the external
interference to the oscillator with a power supply of 2
V. The oscillator with the mixed-signal transistor
oscillates at 2.641 8 GHz with phase noise - 93.5
dBc/Hz at 500 kHz, and the oscillator with RF
transistor oscillates at 2.614 3 GHz with phase noise
-95.8 dBc/Hz at 500 kHz, and the measured results
are shown in Fig.6 and Fig.7, respectively.
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Fig.6 Spectrum output of VCO with mixed-signal
transistor

By comparing the measured results of Fig.6 and
Fig.7, the phase noise with RF transistor is 2.3 dB less
than that with the mixed-signal transistor. The mixed-
signal transistor is a pure transistor. The RF transistor
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Fig.7 Spectrum output of VCO with RF transistor

is a transistor with an RF isolation ring around it with
the substrate connected to the ground, so the
interferences of peripheral devices’ pulse currents and
noise of the substrate are decreased. This results in the
phase noise of the oscillator implemented with RF
transistor being better than that with the mixed-signal
transistor. Since the RF transistor occupies more area
than the mixed-signal transistor with the same number
of fingers, this means the RF transistor has more
parasitic  capacitance. Therefore, the oscillation
frequency of the oscillator with the RF transistor is
lower than that with mixed-signal transistor, and this
is verified by the measured results.

4 Conclusion

Optimization methodologies to design low phase
noise and high frequency LC VCOs were presented.
The comparison of performance of two oscillators
reported that the oscillator with RF transistor has
lower phase noise than that with the mixed-signal
transistor due to the good isolation of noise and
interference of the RF transistor.
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