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Design Issues for Cross-Coupled LC Oscillators
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Abstract: This paper introduces design issues for cross-coupled LC oscillators. From a physical standpoint, the
VCO topology, the amplitude of the tank,the noise source,the phase noise,and the Q factor of the tank are stud-
ied. According to these analyses,the design issues and constraints are presented. Finally, the simulation results of a
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cross-coupled LC oscillator are reported.
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1 Introduction

The integrated LC voltage-controlled oscilla-
tor (VCO) is a common functional block in mod-
ern radio frequency communication systems and is
used as a local oscillator to upconvert and down-
convert a signal. Due to the ever-increasing de-
mand for bandwidth, very stringent requirements
are placed on the spectral purity of local oscilla-
tors. Much effort''™* has been made to improve
the phase-noise performance of integrated LC
VCOs. Despite of these endeavors, the design and
optimization of integrated LC VCOs still pose
many challenges to circuit designers.

Here we study LC oscillators from a physical
standpoint. Several essential insights about the
noise characteristics are provided. A specific oscil-
lator topology is chosen as a design example,and
design considerations are also presented.

2 Physical points of LC VCOs

In this section, we simply analyze the noise of
an LC VCO and introduce a linear time-variant
(LTV) phase-noise model.

2.1 LC VCO topology

The cross-coupled LC oscillator shown in
Fig. 1 is selected as the object of our research.
This topology has good properties. The full ex-
ploitation of the differential operation reduces
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undesirable common-mode effects. The amplitude
of this structure is larger than that of the nMOS-
only structure due to the pMOS pair. The rise and
fall time symmetry is also incorporated to further
reduce the 1/f noise upconversion. All these result
in a better phase-noise performance for a given
tail current.

Fig.1 Schematic of an LC VCO
2.2 Tank voltage amplitude

Figure 2 shows a model of a parallel LC oscil-
lator in the steady state,where R is the resistor of
the resonator and —R, is the effective negative re-
sistor of the active device. At the resonance fre-
quency,the admittances of the L and C cancel,
leaving R .The tank amplitude can be approxima-
ted as

Ve = T R (D
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According to Ref.[5], there are two opera-
tion modes, which are called the current-limit re-
gime and the voltage-limit regime. Equation (1) is
valid only in the current-limit regime where the
amplitude is proportional to the tail current.
When the oscillator enters the voltage-limit re-
gime,the amplitude is limited to V .

1 Ty R
R % c T L (ORA / af Active device

Fig.2 Parallel LC oscillator model

2.3 Noise source

There are three noise sources: drain current
noise,inductor noise,and varactor noise. They are

given by
B KT @
ZA‘O"; = 4kTg. 3
lAidfr = 4kTg D

where y is 2/3 and 2. 5 for long- and short- chan-
nel transistors,respectively.
Considering the start-up condition and the
worst-case condition,we can obtain
8 active = 08 tank ., max (5
where « is the minimum small-signal loop gain. To
make sure that the circuit can oscillate, we should
select a conservation value of 2.5 or larger. Ac-
cording to Egs. (2) ~(5) ;an inequality is given by
l'iznd/Alf-’— iiar/Af 4 kTG ank.max < 1 6)
ios/Af 4kTYgwive — Ya
The inequality predicts that the four cross-
coupled transistors contribute more than 84% of
the circuit noise for short-channel transistors.

Hence we can obtain

ln

Af

= 4 kT)/g active ( 7 )

2.4 Phase-noise analysis

According to the Hajimiri model, we can
obtain phase-noise of LC oscillators in the 1/f*
region and phase-noise in the 1/f* region

Ffms X l;l/Af

L) = = x (8)
cl i/ Af

L — ,O X n,1/f : 9

(Aw) 5 YV D)

max

where I, is the rms value of the impulse sensitiv-
ity function (ISF) associated with the noise
SOurces gm, is the maximum charge displacement

across the capacitor, E/Af is the noise power
spectral density due to transistor noise, inductor
noise,and varactor noise,and Tw/Af is the noise
power spectral density due to transistor flicker
noise.

According to analysis of the LC oscillator
model,we can obtain

qmax = Ct;mk Vlank = LQM"I( (10)

wo
Therefore, from Eqs. (7) ~ (10), we obtain
the approximate relation
L (Aw) o< % X Zactive (1D
1.0 QL
As can be seen from Eq. (11),a larger tail
current results in a better optimum phase noise.
Hence the tail current should always be set to its
maximum value allowed by other design con-
straints. Increasing the tank Q factor is another
way to reduce phase noise.

2.5 Q factor of tank

As shown in Fig.2, R is the equivalent paral-
lel resistor of the tank.In CMOS technology, the
Q. factor of the on-chip inductor is from 5 to 10,
and the Q¢ factor of the varactor is more than 20.
Therefore,we obtain the approximation

 LOL Qc
R ~ Y=L (12)

QL + QC

Then,the Q factor of the tank is given by
R*C 0. 0c
tank — = (13)
Qs L~ 0+ Qc
Since

Oc > 01 Qun &~ O1 (14)

As can be seen from Eq. (14),increasing the
Q factor of the inductor results in a larger Q fac-
tor of the tank. Thus the on-chip inductor must be
designed carefully.

3 LC oscillator design

In section 2, the underlying physical factors
were discussed. In this section, design issues for a
cross-coupled LC oscillator are discussed. The de-
sign is based on 0. 25,m 1P5M RF CMOS technol-

ogy.
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3.1 Phase-noise and power

For a given supply voltage,a larger tail cur-
rent results in a larger power dissipation. Al-
though larger power dissipation means a better
phase-noise,in most cases the power should be as
small as possible. We must balance phase-noise
and power dissipation.

Figure 3 shows the simulated LC oscillator
phase-noise as a function of the tail current for
2.5V Vpp.
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Fig.3 Phase noise versus tail current

As can be seen from Fig. 3,when the tail cur-
rent is small, the phase-noise improves markedly
as the tail current increases. When the tail current
is larger than a certain value, the phase-noise is al-
most constant. The simulated result is consistent
with Eq. (11).

According to the above results, the best range
of tail current, where the phase-noise and power
dissipation are balanced well,is from 3 to 5mA.
Considering the power dissipation,4mA is selected
as a good tradeoff in our design.

3.2 On-chip spiral inductor

The on-chip spiral inductor is a critical com-
ponent that determines the phase-noise of an LC
oscillator. The Q factor of an on-chip spiral in-
ductor should be as large as possible to increase
the Q factor of the tank. Due to four mecha-
nisms, which include the skin effect,eddy current,
metal resistance,and substrate-induced loss,the Q
factor for a spiral inductor is typically below 10.

Considering the resistance and skin effect,
the metal depth should be equal to the skin
depth™!.

5depth = A/ 2 (15
w/loG

Here ¢ is the conductivity of the metal,and g, is
the permittivity in vacuum.

Considering the eddy current and substrate-
induced loss, the dimension of the spiral inductor,
including metal width, metal spacing, number of
turns, and diameter, should be designed carefully
and the inductor must remain hollow.

3.3 Varactor

In CMOS technology, there are two types of
varactors: the pn junction varactor and the MOS
varactor. The latter is more popular in LC oscilla-
tor design because of its large tuning range.

Constrained by the center frequency and fre-
quency tuning range, the value of the varactor
must satisfy these inequalities:

1

Cumk-min < m (16)
1
Clank.max 2 - 2 (17)
tank @W min

Here C.. represents the equivalent parallel ca-
pacitance of the tank due to the varactors, load
capacitances, and parasitic capacitances of the
MOS transistors.

3.4 Dimensions of transistors

To satisfy the start-up conditions, the admit-
tance of transistors must be large enough. Howev-
er, large transistors have their drawbacks. For a
given tail current,the larger the admittance of the
transistor is, the smaller the output voltage swing
is. If the output swing is too small, the next stage
cannot work correctly. According to the model of
transistors'” , the flick noise is given by

i;"l"f = K X i 2 K X L
Af T o WL < af8vesos Xy (B

A large guos means that the cross-coupled

2

transistors contribute more flick noise in the 1/f°
region and more drain current noise in the 1/
region. These result in another tradeoff in the LC
oscillator design.

3.5 Optimization phase noise

According to the above analyses,three design
issues for optimizing phase noise are presented:

(1) Increasing the tail current can lower the
phase-noise of an LC oscillator. Hence the tail
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current should always be set to its maximum value
allowed by the other design constraints.

(2) Increasing the Q factor of the on-chip
spiral inductor can lower the phase-noise of an LC
oscillator.

(3) Reducing the W of the transistors can
lower the flick noise and drain current noise of
the transistors. However, the start-up condition
must be satisfied.

4 Conclusion

In this paper,issues in the design of LC oscil-
lators have been presented. These issues include
the following:designing an on-chip spiral inductor
with a high Q factor; balancing the phase noise
and power dissipation and selecting the value of
the tail current;calculating the value of the varac-
tor; and designing the dimensions of the tran-
sistors.
the methods mentioned above, a
2.4GHz cross-coupled LC oscillator is designed
with 0. 25pm 1P5M RF CMOS technology. Figure
4 shows the core layout of the LC oscillator. The
simulation results are as follows. The phase noise
is —114. 4dBc at 600kHz. The power dissipation is
10. 5mW for a 2.5V supply. The tuning range is
60/0 .

Using

Fig.4 Layout of VCO core
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