
HAL Id: hal-00683320
https://hal.science/hal-00683320v1

Submitted on 28 Mar 2012

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Minimum Phase noise of an LC oscillator: Determination of
the optimal operating point of the active part

David Cordeau, Jean-Marie Paillot

To cite this version:
David Cordeau, Jean-Marie Paillot. Minimum Phase noise of an LC oscillator: Determination of the optimal
operating point of the active part. AEÜ - International Journal of Electronics and Communications / Archiv für
Elektronik und Übertragungstechnik, 2010, 64 (9), pp.795-805. ⟨10.1016/j.aeue.2009.06.005⟩. ⟨hal-00683320⟩

https://hal.science/hal-00683320v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Minimum Phase Noise of anLC oscillator: Determination of the optimal
operating point of the active part

David Cordeau, Jean-Marie PAILLOT

Laboratoire d’Automatique et d’Informatique Industrielle - ESIP, EA 1219, 4 avenue de varsovie, 16021 Angoulême, France
Ph: +33(5)45673228; fax: +33(5)45673229

Abstract

In this paper, we describe an original method for determining the optimal operating point of the active part (transistor)
of an LC oscillator leading to the minimum phase noise for given specifications in terms of power consumption,
oscillation frequency and for given devices (i.e., transistor and resonator). The key point of the proposed method is
based on the use of a properLC oscillator architecture providing a fixed loaded quality factor for different operating
points of the active part within the oscillator. The feedback network of this architecture is made of anLC resonator
with coupling transformers. In these conditions, we show that it is possible to easily change the operating point of
the amplifier, through the determination of the turns ratio of those transformers, and observe its effect on phase noise
without modifying the loaded quality factor of the resonator. The optimal operating point for minimum phase noise is
then extracted from nonlinear simulations. Once this optimal behaviour of the active part known and by associating
the previousLC resonator, a design of anLC oscillator or VCO with an optimal phase noise becomes possible. The
conclusions of the presented simulation results have been widely used to design and implement a fully integrated,LC
differential VCO on a 0.35µmBiCMOS SiGe process.

Key words: class-C, cyclostationary noise,LC resonator, operating point, power added, oscillators.

1. Introduction

Mobile communication system evolution demands
continuous efforts toward the improvement of Radio-
Frequency (RF) circuit performances. Concerning the
oscillators and voltage-controlled oscillators (VCOs),
the phase noise requirements are even more stringent.
Indeed, the carrier rejection and the transmission qual-
ity of any systems depend on the phase noise of the sig-
nals applied to the modulator. Furthermore, from the de-
signer point of view, pressure is growing as design time
is getting shorter and shorter. In this context, it seems to
be very interesting to know rapidly if the specification
required in terms of phase noise and consumption are
consistent with the technology provided. Due to these
considerations, this paper describes a method for deter-
mining the optimal operating point of the active part of
an LC oscillator leading to the minimum phase noise
for given specifications in terms of power consumption,
oscillation frequency and for given devices.
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Section 2 is a brief review of some of the exist-
ing phase noise models giving important key points for
phase noise minimization. Section 3 presents the theo-
retical analysis of the chosenLC oscillator topology and
concludes with the sequence to be carried out to obtain
the oscillation at a frequencyf0 for a given operating
point of the amplifier. Section 4 describes the simula-
tions leading to the optimal operating point of a SiGe
HBT LC oscillator. Finally, section 5 presents the de-
sign and implementation of a fully integrated differen-
tial VCO optimized in phase noise using the conclusions
of the previous section.

2. Brief review of phase noise existing models

The model proposed in [1], known as the Leeson-
Cutler phase noise model, predicts a phase noise spec-

tral density in the
1
f 2 region of the spectrum of

SΦ (∆ f ) = 10· log

[

2FkT
PS

(

f0
2Q∆ f

)2
]

(1)
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whereF is the noise factor,k is the Boltzmann’s con-
stant,T is the absolute temperature,PS is the average
power dissipated in the resistive part of the resonator,f0
is the oscillation frequency,Q is the loaded quality fac-
tor of the resonator and∆ f is the frequency offset from
the carrier.

Although the result of simplifying assumptions, this
model offers important key points for reduction of phase
noise in the oscillators. Indeed, it can be concluded,
from (1), that the loaded quality factor of the resonator
needs to be maximized in order to reduce phase noise in

the
1
f 2 region of the spectrum. In the same way, for a

given loaded quality factorQ, the phase noise spectral
density will be all the more low that the resonator dis-
sipated powerPS will be high. However, the dissipated
power in the resonator corresponds to the difference be-
tween the output and input powers of the active part un-
der oscillation conditions. This difference represents, in
fact, the added power of the oscillator amplifier.

Thus, for a given loaded quality factor, the transistor
must be operated under oscillation conditions as close as
possible to its maximum added power state [2]. How-

ever, equation (1) predicts the phase noise in the
1
f 2 re-

gion mainly due to the tank parallel resistor of the res-
onator. The Leeson model additionally introduce the
factorF as a multiplicative factor, to take into account
for the phase noise due to the active part, but without
knowing precisely what it depends on and how to reduce
it. Unfortunately, the noise generated by the transistor
is usually the main phase noise contributor in oscilla-
tors and VCOs. Thus, the simplifying assumptions of
this model have been revised particularly by Hajimiri
and Lee [3, 4], who explicitly showed the time-varying
nature of phase noise generation.

The key concept in their linear, time-varying (LTV)
phase noise theory is the Impulse Sensitivity Function
(ISF), whose calculation leads to a very accurate pre-
diction of phase noise due to stationary and cyclosta-
tionary noise sources in the oscillator. Thus, according
to the ISF theory, the total single sideband phase noise

spectral density in the
1
f 2 region of the spectrum due to

one current noise source on one node of the circuit at an
offset frequency∆ω is given by [3]

L(∆ω) = 10· log

(

¯in2/∆ f ·Γ2
rms

2·q2
max·∆ω2

)

(2)

where ¯in2/∆ f is the power spectral density of the cur-
rent noise source in question,Γ2

rms is the rms value of

the Impulse Sensitivity Function (ISF) associated with
the noise source considered previously, andqmax is the
maximum charge swing across the current noise source.

As mentioned earlier, the transistor mainly contribute
to the overall phase noise in an oscillator and the dom-
inant noise sources of the transistor are often cyclosta-
tionary. For instance, the collector current shot noise
of a bipolar transistor and the channel noise of a MOS
device are cyclostationary [5, 6]. Fortunately, the LTV
model developed by Hajimiri and Lee is able to accom-
modate a cyclostationary noise source with ease. In-
deed, considering that a white cyclostationary noise cur-
rent can be written as the product of a white stationary
process and a deterministic periodic functionα(x) , also
called the Noise-Modulating Function (NMF) [4, 7, 8],
strongly correlated with currents waveforms of the os-
cillator, the cyclostationary noise can be treated as a sta-
tionary noise by introducing the effective ISF given by
[3].

Γe f f (x) = Γ(x) ·α(x) (3)

Thus, the phase noise due to the cyclostationary cur-
rent noise source is expressed by (2) replacingΓ2

rms
by Γ2

e f f, rms. Consequently,Γe f f, rms needs to be min-
imized in order to reduce phase noise significantly. In
other words, the transistor would remain off almost all
of the time, waking up periodically to deliver an impulse
of current at the signal peak of the oscillator, where the
ISF (Γ(x)) has its minimum value, i.e., when the noise
to phase noise conversion is at a minimum [5, 9]. Thus,
the transistor must be operated in class-C under oscilla-
tion conditions in order to reduce significantly the phase
noise due to the cyclostationary noise sources.

As a conclusion, the Leeson-Cutler phase noise
model states that, the phase noise spectral density will
be all the more low that the resonator dissipated power
(PS) will be high and thus that the transistor must be
operated under oscillation conditions as close as possi-
ble to its maximum added power state [2] for a given
loaded quality factor, whereas, according to the phase
noise model of Hajimiri and Lee [3], the transistor must
be operated in class-C under oscillation conditions in
order to reduce significantly the phase noise due to the
cyclostationnary noise sources.

Consequently, from the designer point of view, a crit-
ical choice, depending partly on the technology used,
between those two operating points needs to be done in
order to reduce phase noise. Thus, to easily determine
this optimal operating point of the active part for given
specifications in terms of power consumption, oscilla-
tion frequency and for given devices (i.e., transistor and
resonator) and loaded quality factor, the rightLC oscil-
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lator topology must be chosen. Indeed, this latter must
provide a fixed loaded quality factor for different oper-
ating point of the active part within the oscillator. Such
a topology is analyzed in detail in the next section.

3. LC oscillator theoretical analysis

A typical oscillator topology essentially consists
of a transistor limiting amplifier and a frequency-
determining element or feedback network. In our case,
the transistor used is a SiGe HBT and the feedback net-
work is made of anLC resonator as shown in Fig. 1

Such an oscillator topology can be modeled by a
quasi-linear representation in the frequency domain as
shown in Fig. 2(b) [2, 10]. Let us note that this
linearization implies that the non linear elements are
approximated by their equivalent values calculated for
the oscillation amplitude at the oscillation frequencyf0
[10, 11].

3.1. Amplifier theoretical analysis

Let us consider the simplified linear representation
of the amplifier shown in Fig. 2(a) whereGin, Cin,
Gout, Cout represent respectively the transistor input and
output conductance and capacitance,Gm is the conven-
tional positive large signal transconductance of the tran-
sistor andLin, Lout, nin, nout are matching elements. Let
us now suppose that, for a given bias point, the amplifier
is large signal matched toG0 = 1/R0 (R0 = 50 Ω).

Then, the matching elements cited above can be cal-
culated using the following relationships :

L in

Lout1 :nin

1 :nout

1 :n1

n2 :1

Vdd IB0 LC

Cdin

Cdout

Lr Cr

Figure 1: Oscillator schematic
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R0Gin



















Lout =
1

Bout ·ω0

nout =
√

R0Gin

(4)

WhereBin andBout are respectively the susceptance of
the input and output admittance of the transistor. Once
these matching conditions are achieved, the amplifier
can be described by the circuit shown in Fig. 2(b) with
the following expression forGmeq :

Gmeq= Gm ·
nin

nout
(5)

This equivalent transconductanceGmeq can also be
expressed in terms of maximum power gain of the am-
plifier. Indeed, once the 50Ω matching conditions are
achieved, the maximum power gain is given by

GPmax=
Pout

Pin
=

1
2
·G0 ·V2

out

1
2
·G0 ·V2

in

where

Vout = −
1

2·G0
·Gmeq·Vin

Lout
L in

Cout

Gout
Cin

Gin

Gm.Vin

1:nin 1 :nout

V in Vout

A

A’

B

B’

(a)

VR

VoutG0V in
Gmeq.VinG0

I in Iout

1:n1 n2 :1

GR jBR

A

A’

B

B’

ℜ

(b)

Figure 2: Simplified linear representation of the 50Ω matched ampli-
fier (a) and the oscillator (b)
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so that

Gmeq= 2·G0 ·

√

Pout

Pin
(6)

As we will see in the next subsection, the determi-
nation ofGmeq will allow us to determine directly the
coupling coefficientsn1 andn2 (Fig. 2(b)).

3.2. Oscillator theoretical analysis
Let us remind that the oscillator topology chosen

can be represented by the schematic shown in Fig.2(b)
where the resonator is modeled by aGR conductance
and aBR susceptance with coupling coefficientsn1 and
n2. In these conditions, the equivalent schematic of the
oscillator in the resonator plane (R) is given in Fig.3.

GR jBRG0/n1
2 G0/n2

2 -Gmeq/n1.n2

ℜ

Figure 3: Equivalent schematic of the oscillator in theR-plane

Thus, the oscillation conditions can be written, at the
oscillation frequencyf0, as

GR+
G0

n1
2 +

G0

n2
2 −

Gmeq

n1 ·n2
= 0 (7)

Note that we consider here that the oscillation fre-
quency f0 is the same as the resonant frequency of
the LC resonator so thatBR = 0. Furthermore, for a
given operating point of the amplifier and once the 50Ω
matching conditions are achieved, the feedback network
must present a 50Ω load at the amplifier output at
the oscillation frequencyf0. This case is illustrated on
Fig.4.

1:n1 n2 :1

GR

ℜ

G0

G0

Figure 4: 50Ω matching condition of the feedback network atf0

Thus, we have

G0 =

(

G0

n1
2 +GR

)

·n2
2

and then

GR = G0 ·
(

1
n2

2 −
1

n1
2

)

(8)

Combining (7) and (8) now yields

n1 · (2n1G0−n2Gmeq) = 0

giving only one physical solution forn1:

n1 =
n2Gmeq

2G0
(9)

Now, substituting (9) into (8) gives

n2
2 =

G0

GR
·
(

1−
4G0

2

Gmeq
2

)

(10)

whereGmeq is calculated, for a given operating point of
the amplifier, using (6).

Once these coupling coefficients are calculated, let
us determine the loaded quality factor of the resonator.
To do this, the conventional rigorous expression of the
loadedQ-factor calculated at a particular point in the
circuit is reminded [10] :

Q = ω0 ·
Estored

Pdiss
=

ω0

2G
·

∂B
∂ω

∣

∣

∣

∣

ω0

(11)

whereω0 is the resonant pulsation,Estored is the average
energy stored in the circuit,Pdiss is the average dissi-

pated power,G and
∂B
∂ω

∣

∣

∣

∣

ω0

are respectively the positive

conductance and the susceptance slope at the considered
point of the circuit.

In the R-plane, the susceptance slope is perfectly
known and is equal to 2C in the case of a parallelRLC
resonator. Thus, the susceptance slope in theR-plane is
constant and we call itB so that

B =
∂BR

∂ω

∣

∣

∣

∣

ω0

(12)

whereBR is the susceptance in theR-plane.
Let us now determine the positive conductanceG in

theR-plane. According to Fig.4, we have

G = GR+
G0

n1
2 +

G0

n2
2 (13)

Substituting (9) and (10) into (13) yields

G =
2GRGmeq

2

Gmeq
2−4G0

2 (14)

Then, from (11), (12) and (14), the loadedQ-factor of
theLC resonator can be written as
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Q =
ω0

4GRGmeq
2

Gmeq
2−4G0

2

·B (15)

Furthermore, the expression of the unloaded quality fac-
tor of theLC resonator is the following

Q0 =
ω0

2GR
·B (16)

So that, the loadedQ-factor can be expressed in terms
of Q0 as follows

Q =
Q0

2
·
(

1−
4G0

2

Gmeq
2

)

(17)

It can be concluded, from (17), that the loadedQ-
factor of the resonator is close toQ0/2 for high values
of Gmeq(i.e. for high amplifier power gain). In practice,
we will see in the next section that this is always the case
when a large voltage swing across the resonator need to
be achieved in order to reduce phase noise.

Consequently, according to the theoretical analysis
performed here, we can say that the chosen oscillator
topology allow to maintain a fixed loaded quality fac-
tor especially for a large voltage swing across the res-
onator. Furthermore, the operating point of the ampli-
fier can be easily controlled under oscillation conditions
through the determination of the coupling coefficients
n1 andn2.

3.3. Successive steps to obtain the oscillation at f0 for
a given operating point of the amplifier

We can now state the sequence to be carried out to
obtain the oscillation at a frequencyf0 for a given oper-
ating point of the amplifier:

1. Choose a transistor and anLC resonator (depend-
ing on the technology provided);

2. Get the desired amplifier operating point for a
given transistor bias point using a nonlinear sim-
ulation;

3. Calculate the 50Ω matching elements using (4);
4. Calculate the equivalent transconductanceGmeq

using (6);
5. Calculate the coupling coefficientsn1 andn2 using

(9) and (10).

From that point, the phase noise spectrum of the os-
cillator can be determined, using a nonlinear simulation,
for the amplifier operating point chosen. Thus, the next
section presents the phase noise simulations of theLC
oscillator of Fig. 1 for three cases of the active part op-
erating point in order to determine the optimal one.

4. Determination of the optimal operating point of a
SiGe HBT LC oscillator

4.1. Simulation conditions

As mentionned previously, the oscillator schematic
used for the simulations on Agilent’s software ADS is
shown on Fig. 1. The active part is made of a SiGe
HBT with double base contact and an emitter area of
20.32 µm2 from a 0.35 µm BiCMOS SiGe process.Lc

is an idealDC feed,Cdin andCdout are idealDC blocks,
IB0 is a bias current source which will allow to fix the
mean collector currentIC0 of the transistor andLin, Lout,
nin, nout are the matching elements whose expressions
are given in (4).

The feedback network is made of anLC resonator
with the coupling coefficientsn1 andn2 calculated using
(9) and (10). The value ofLr andCr are fixed so that the
oscillator will oscillate at 1.9 GHz. In this case, the in-
ductance valueLr is 1.3 nH with an associatedQ factor
of 12 at 1.9 GHzand the capacitance valueCr is 5.4 pF
with an associatedQ factor of 60 at 1.9 GHz. Note that
the quality factor of the passive elements constituting
the resonator are those provided by the 0.35 µm BiC-
MOS SiGe technology used. From the above data, the
conductanceGR of the resonator can be calculated. In-
deed, considering the simplified serial representation of
an inductor shown in Fig. 5(a), the quality factor can be
expressed as follows

Q =
Lsω
rs

(18)

whereω is the working pulsation,Ls the inductance and
rs the serial resistance used to model the inductor losses.
Furthermore, let us note that the inductor can also be
represented by its equivalent parallel model as shown in
Fig. 5(b) whereLp andRp can be expressed as

Lp ≃ Ls

Rp ≃ rs ·Q2







for Q2 ≫ 1 (19)

Thus, for aQ factor of 12 at 1.9 GHz, we haveRp =
186.2 Ω andLp = 1.3 nH.

In the same way, the capacitor can be represented
by its equivalent simplified parallel representation as
shown in Fig. 6. The expression of the quality factor
is thus the following

Q = Rc ·C ·ω (20)

whereω is the working pulsation,C the capacitance and
Rc the parallel resistance used to model the capacitor
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Ls rs

(a)

RP

LP

(b)

Figure 5: Simplified serial (a) and parallel (b) representation of an
inductor

RC

C

Figure 6: Simplified parallel representation of a capacitor

RP

LP

C

RC

Figure 7: Parallel representation of theLC resonator

losses. So, for a capacitorQ factor of 60 at 1.9 GHz, we
haveRc = 930.7 Ω.

Thus, the equivalent parallel representation of the en-
tire resonator is given on Fig. 7 and the conductanceGR

of the resonator can be calculated as follows

GR =
Rp +Rc

RpRc
= 6.4 mS (21)

Once the presentation of the oscillator circuit done,
let us remind the conditions in which the simulations
will be performed. They are summarized in table 1.

4.2. Influence of the amplifier operating point

In this sub-section, three cases of the amplifier op-
erating point will be compared in order to verify their
influence on phase noise simulated performances. The

Table 1: Simulation conditions

Transistor SiGe HBT
Lr 1.3nH
Cr 5.4 pF
Supply voltage Vdd 2.7V
Current consumption IC0 3.5mA
Oscillation frequency 1.9GHz

first one corresponds to the operating point where the
amplifier deliver a low added power. The second one
corresponds to a maximum added power operating point
and finally, the third one corresponds to a class-C oper-
ation. Then, the phase noise spectrum of the oscillator
will be compared in each case. Let us note that each op-
erating point is obtained using a nonlinear simulation of
the amplifier alone with Agilent’s software ADS which
allows to determine the input (Yin) and output (Yout) ad-
mittance of the transistor.

For the first case which corresponds to a low power
added operating point, we have an input power of
0.0032mW, an output power of 2.91 mW and thus, an
added power of 2.9 mW. In these conditions, the input
and output admittance values are

Yin = 0.0006307+ j0.0162263Ω−1

Yout = −0.0058175+ j0.0024814Ω−1

Using the above values, the sequence, detailed in sub-
section 3.3, to obtain the oscillation at 1.9 GHz for a
low added power state of the amplifier can be carried
out. So, the 50Ω matching elements calculation using
(4) givesLin = 5.16nH, Lout = 33.7 nH, nin = 5.52 and
nout = 0.54. The calculation of the equivalent transcon-
ductanceGmequsing (6) gives 1.19Sand with the value
of the conductanceGR given by (21), we obtain, for the
coupling coefficients:n1 = 52.3 andn2 = 1.76 using (9)
and (10). Let us note that, with those values, the loaded
Q-factor of the resonator is 0.998× (Q0/2) using (17).

For the second case in which the amplifier is opti-
mized for a maximum added power operation, we have
an input power of 0.0093 mW, an output power of
4.58 mW and an added power of 4.57 mW. The input
and output admittance values are

Yin = 0.0003229+ j0.0115764Ω−1

Yout = −0.0040698+ j0.0024695Ω−1

Thus,Lin = 7.23 nH, Lout = 33.9 nH, nin = 7.7, nout =
0.45 andGmeq= 0.869S. This leads ton1 = 38.22 and
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n2 = 1.76. Furthermore, with those values, the loaded
Q-factor of the resonator is 0.997× (Q0/2).

Finally, for the third case in which the amplifier is op-
timized for a class-C operation, we have an input power
of 0.062mW, an output power of 4.25mWand an added
power of 4.18mW giving :

Yin = 0.0000863+ j0.051851Ω−1

Yout = −0.0037768+ j0.0029948Ω−1

Thus,Lin = 16.15 nH, Lout = 27.97 nH, nin = 14.99,
nout = 0.4345, Gmeq= 0.326 S, n1 = 14.23 andn2 =
1.748. The loadedQ-factor of the resonator is 0.985×
(Q0/2) in this case.

It is important to note, at that point, that the maximum
loadedQ-factor variation between the first and the third
case is only 1.3 %. Thus, as expected from (17), we can
say that the chosen oscillator topology allow to maintain
a fixed loaded quality factor (close toQ0/2) for the three
cases of the amplifier operating point studied.

The phase noise spectrum, for each case of the ampli-
fier operating point, simulated with Agilent’s software
ADS is then plotted on Fig. 8.

It is clear that the added power is an important param-
eter for oscillator phase noise reduction since the phase
noise of the simulated oscillator at 1MHz frequency
offset is improved by almost 3dB compared to the low
added power case. So, we can conclude that, for a given
loaded quality factor, the phase noise spectral density is
all the more low that the resonator dissipated power, and
thus the added power of the oscillator amplifier, is high.

However, for theLC oscillator simulated here, the
crucial parameter is not the added power but the class-
C operation of the amplifier as clearly shown in Fig.
8. Indeed, for a class-C operation of the amplifier, the

Max Padd

ClassC

Low Padd

Figure 8: Phase noise spectrum of the oscillator

phase noise at 1MHz frequency offset is improved by
5.5 dB compared to the maximum added power case.
As mentioned in section 2, this result can be explained
using the linear, time-varying (LTV) phase noise theory
of Hajimiri and Lee [3, 4]. Indeed, let us remind that
the dominant noise sources of the transistor are often
cyclostationary and to reduce significantly phase noise
due to the cyclostationary noise sources, the transistor
would remain off almost all of the time, waking up peri-
odically to deliver an impulse of current at the minimum
of the collector voltage, where the ISF(Γ(x)) is close
to zero. Furthermore, this impulse of current must be
as short as possible so that the rms value of the effec-
tive ISF is small. This leads to a class-C operation of
the active part within the oscillator. To corroborate this,
the collector current and collector voltage of the SiGe
HBT used are plotted on Fig. 9 for the three different
matching conditions. Furthermore, Fig. 10 shows the
normalized collector current, the approximated ISF cal-
culated on the collector of the transistor and given by
[3]

Γi (x) =
f
′

i (x)
(

f ′max

)2 (22)

whereΓi (x) is the ISF at nodei, f
′

i (x) is the derivative

of the waveform on nodei and
(

f
′

max

)2
is the squared

maximum value of this derivative function, and the ef-
fective ISF which can be approximated by the multipli-
cation of the ISF by the normalized collector current as
shown by (3).

Note that, in each case, the surge of collector current
and thus, the surge of collector current noise, occurs at
the minimum of the collector voltage (Fig. 9), in other
words, where the ISF is close to zero (Fig. 10) i.e.,
when the noise to phase noise conversion is at a min-
imum [5, 9]. Nevertheless, this impulse of current is
clearly shorter in the case (c) than in the cases (a) and
(b) which clearly demonstrate that the oscillator oper-
ating in class-C presents a smaller value of its effective
ISF than that of the oscillator operating in a low or max-
imum power added state as clearly shown in Fig. 10.

Consequently, we can say that the large improvement
in phase noise noted between the case (b) and (c) is
mainly due to the class-C operation of the active part,
for the reasons mentioned above, all the more that the
power added is slightly lower in the case (c) than in the
case (b).

Those simulation results clearly show that the optimal
operating point, for the given specifications in terms of
power consumption, oscillation frequency and for the
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(a)

(b)

(c)

Figure 9: Simulated collector voltage and collector currentof the os-
cillator for (a) a low Padd operating point, (b) a maximum Padd oper-
ating point and (c) a class-C operation

BiCMOS SiGe technology chosen, leading to the min-
imum phase noise is the class-C operation of the active
part within the oscillator with a maximum voltage swing
across the resonator for a given loaded quality factor.
Furthermore, let us note that the presented simulations
can easily be reproduced with another technology (i.e.,
transistors and resonator) and thus, with the architec-
ture presented previously and the technology provided,
designers could easily know which operating point of
the active part leads to the minimum phase noise.
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Figure 10: Normalized collector current and approximated ISFand
ISFeff for (a) a low Padd operating point, (b) a maximum Padd oper-
ating point and (c) a class-C operation

5. Applications

From the conclusions of the presented simulations,
two fully integrated VCOs have been designed and im-
plemented on the same 0.35µmBiCMOS SiGe process.
The first one is a 5GHz, Full PMOS,LC differential
VCO [12] and the second one, described here, is a dual
band,LC differential VCO.

The design of this latter will be treated in sub-section
5.1 and sub-section 5.2 presents the measurements re-
sults.
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5.1. VCO design

Fig. 11 shows the VCO schematic using a cross-
coupled differential pair VCO topology. The feedback
of the VCO is performed by a capacitive cross-coupling
of the collector and base terminals of the differential
pair. Note that the transistors are the same as those used
for the simulations presented in section 4. The current
source Bias1 draws 7mAwith a ratio of 14 which reduce
significantly the power consumption. The frequency of
oscillation is determined by theLC-Tank at the collec-
tors. The tuning range depends on the global capac-
itanceC variation and thus on theCmax/Cmin ratio of
the varactor diodes and on the AC coupling and nMOS
capacitors. For frequency band switching, nMOS tran-
sistors operate as variable capacitors. Those transistors
are used in inversion-mode (floating Drain-Source and
grounded Bulk) because of the wide capacitor variation
that can be obtained in this case [13]. The use of a sym-
metric center-tapped inductor as opposed to two "un-
coupled" inductors exploits the benefits of the coupling
factork to increase the inductance value and can lead to
a saving in chip area [14]. This inductor was fabricated
with the highest metal level, which presents a low resis-
tivity (5.5 mΩ/sq.). Electromagnetic simulations, with
Momentum software, result in a global inductance value
of 2.6 nH (1.3 nH on each side) and an associated max-
imum Q factor of about 12 at 1.9 GHz. A tail capacitor
CE is used to attenuate both the high frequency noise
components of the tail-current and the voltage variation
on the tail node since the tail current source is not with-
out impact on phase noise performances [15]. Thus, the
most significant remaining noise source is the upconver-
sion of the flicker noise [16]. Since we use an NMOS
tail-current source for better current matching, the width
and the length of the NMOS tail transistor must be in-
creased to reduce the flicker noise which lowers signifi-
cantly the close-in phase noise of the VCO.

To ensure proper startup of the oscillator, the follow-
ing condition needs to be satisfied [6]:

gm

n
·Rp > 1 (23)

wheregm is the small signal transconductance of the
bipolar transistors,Rp the resistive part of the resonator
andn the ratio of collector to base voltage:

n = 1+
C2

C1
(24)

According to (23), better startup conditions will be
obtained with a lown value and a highgm of the ac-
tive device, which requires a sufficient tail current of
the differential pair. Fortunately, these two conditions

Vswitch
(0-VDD) k

CEC2

Vtune

Bias1

C1

C2

VDD

L

C1

Figure 11: Differential VCO schematic

are consistent with the key point for phase noise min-
imization, describe in the previous sections. Indeed, a
low n value will force the transistor to remain off when
the ISF is maximum delivering periodically a peak of
current when the ISF is close to zero [3] and increasing
the tail current leads to an increase of the voltage swing
across the resonator since the VCO is working in the
current-limited regime of operation [16].

5.2. Implementation and measurements results

As mentioned previously, a 0.35 µm BiCMOS SiGe
process, which provides four metal layers with a 5.3 µm
thick top metal, is used to implement the VCO. Fig.
12 shows the microphotograph of the fabricated VCO
whose size is 525× 860 µm2. During the layout, we
have focus on the symmetry of the balanced circuits.

The tuning characteristic of the VCO is presented in
Fig. 13. As expected in simulations, the VCO is tuned
from 1.5 to 1.78 GHz for the lower band and from 1.64
to 2GHzfor the upper band with a tuning voltage vary-
ing from 0 to 2.7 V. The error on the prediction of the
oscillation frequency is within 3 %.

The phase noise measurements were obtained using
Agilent E4407B spectrum analyzer and a battery is used
as voltage supply to avoid external parasitic signals.
Fig. 14 shows the plot of the phase noise versus offset
frequency from a 1.78 GHz carrier (Vtune=2.7 V and
Vswitch=0V).

As can be seen on this figure, the VCO features a best
case phase noise of−98 dBc/Hz and−104 dBc/Hz
at 50 kHz and 100kHz frequency offset respectively.
The phase noise curve shows−30 dB/decadeslope
between 10kHz and 20 kHz frequency offset and
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Figure 12: Microphotograph of the fabricated VCO
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Figure 13: Tuning characteristic of the VCO showing the two fre-
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Figure 14: Measured phase noise versus offset frequency at 1.78GHz

−20 dB/decadeslope between 20kHz and 100kHz
frequency offset and reaches the noise floor of the spec-
trum analyzer beyond. Thus, the phase noise measure-
ments beyond 100kHzfrequency offset is not accurate.
However, assuming a−6 dB/octave slope between
100 kHz and 1MHz frequency offset, one can expect
a best case phase noise value of about−124dBc/Hz at
1 MHz frequency offset.

The figure of merit, that has been introduced to com-
pare the performances of oscillators, is defined as fol-
lows:

FOM = L(∆ω) [dBc/Hz]+10· log(Pdc[mW])

−20· log
( ω0

∆ω

) (25)

This result in aFOM of -176dBc/Hz for this design.
The measured performances of this SiGe VCO are

summarized in Table 2.

Table 2: Measured VCO performances summary

Supply Voltage 2.7V
Power Consumption 18.9mW
Area 525×860µm2

Tunning Range 500MHz
(over two frequency bands)
Tuning Voltage 0−2.7 V
Center frequency 1.5−2.0 GHz
Phase noise @ 50kHzat 1.78GHz −98dBc/Hz
Phase noise @ 100kHzat 1.78GHz −104dBc/Hz
FOM −176dBc/Hz

6. Conclusion

An original method for determining the optimal oper-
ating point of the active part of anLC oscillator leading
to a minimum phase noise for given specifications in
terms of power consumption, oscillation frequency and
for given devices (i.e., transistor and resonator) is pre-
sented in this paper. To achieve this optimal operating
point, a properLC oscillator topology, which provides a
fixed loaded quality factor for different operating points
of the active part, is studied and simulated. The pre-
sented simulation results clearly show that the optimal
operating point, for the power consumption, oscillation
frequency and the BiCMOS SiGe technology chosen,
leading to the minimum phase noise is the class-C op-
eration of the active part within the oscillator with a
maximum voltage swing across the resonator for a given
loaded quality factor. From this conclusion, a fully inte-
grated,LC differential VCO has been designed and im-
plemented on the same 0.35µmBiCMOS SiGe process.
The fabricated VCO is tuned over two frequency bands
from 1.5 to 2 GHz with a tuning voltage varying from
0 to 2.7 V. The optimized measured best case phase
noise is−98 dBc/Hz and−104dBc/Hz at 50kHzand

10



100kHz frequency offset respectively under 2.7 V sup-
ply voltage with only 7mAcurrent consumption.

Acknowledgment

The authors wish to acknowledge their numerous col-
leagues for helpful discussions.

References

[1] D. B. Leeson, A simple model of feedback oscillator noise spec-
trum, Proceeding of the IEEE (1966) pp. 329–330.

[2] M. Prigent, M. Camiade, J. C. Nallatamby, J. Guittard, J. Obre-
gon, An efficient design method of microwave oscillator circuits
for minimum phase noise, IEEE Transactions on Microwave
Theory and Techniques vol. 47 (no. 7) (1999) pp. 1122–1125.

[3] A. Hajimiri, T. H. Lee, A general theory of phase noise in
electrical oscillators, IEEE Journal of Solid-State Circuits vol.
33 (no. 2) (1998) pp. 179–194.

[4] A. Hajimiri, T. H. Lee, The Design of Low Noise Oscillators,
Norwell, MA: Kluwer, 1999.

[5] T. H. Lee, A. Hajimiri, Oscillator phase noise: A tutorial, IEEE
Journal of Solid-State Circuits vol. 35 (no.3) (2000) pp. 326–
336.

[6] M. A. Margarit, J. L. Tham, R. G. Meyer, M. Jamal Deen, A
low-noise, low-power VCO with automatic amplitude control
for wireless applications, IEEE Journal of Solid-State Circuits
vol. 34 (no. 6) (1999) pp. 761–771.

[7] R. Aparicio, A. Hajimiri, A noise-shifting differentialcolpitts
VCO, IEEE Journal of Solid-State Circuits vol. 37 (no. 12)
(2002) pp. 1728–1736.

[8] D. Ham, A. Hajimiri, Concepts and methods in optimization of
integrated LC VCOs, IEEE Journal of Solid-State Circuits vol.
36 (no. 6) (2001) pp. 896–909.

[9] A. Fard, P. Andreani, An analysis of 1/ f 2 phase noise in bipolar
colpitts oscillators (with a digression on bipolar differential-pair
LC oscillators, IEEE Journal of Solid-State Circuits vol. 42 (no.
2) (2007) pp. 374–384.

[10] M. Odyniec, RF and microwave oscillator design, Boston,MA:
Artech House, 2002.

[11] J. C. Nallatamby, M. Prigent, M. Camiade, J. Obregon, Phase
noise in oscillators-leeson formula revisited, IEEE Transactions
on Microwave Theory and Techniques vol. 51 (no. 4) (2003) pp.
1386–1394.

[12] G. De Astis, D. Cordeau, J. M. Paillot, L. Dascalescu, A 5-GHz
fully integrated full PMOS low-phase-noise LC VCO, IEEE
Journal of Solid-State Circuits vol. 40 (no. 10) (2005) pp. 2087–
2091.

[13] P. Andreani, S. Mattisson, On the use of MOS varactors in
RF VCOs, IEEE Journal of Solid-State Circuits vol. 35 (no. 6)
(2000) pp. 905–910.

[14] M. Tiebout, Low-power low-phase-noise differentially tuned
quadrature VCO design in standard CMOS, IEEE Journal of
Solid-State Circuits vol. 36 (no. 7) (2001) pp. 1018–1024.

[15] T. Lagutere, J. M. Paillot, H. Guegnaud, Method to design
low noise differential CMOS VCOs without tail current source,
AEU - International Journal of Electronics and Communications
vol. 60 (no. 2) (2006) pp. 172–178.

[16] A. Hajimiri, T. H. Lee, Design issues in CMOS differential LC
oscillators, IEEE Journal of Solid-State Circuits vol. 34 (no. 5)
(1999) pp. 717–724.

David Cordeau received the M.S. de-
gree in electronics from the Ecole Nationale
Supérieure d’Ingénieurs de Limoges, Limo-
ges, France in 2000 and the Ph.D. degree
from the University of Poitiers, Poitiers,
France, in 2004. His doctoral dissertation
concerned the behavioral study and design
of integrated polyphases VCOs using Si
and SiGe technologies for radio communi-
cations.

From 2003 to 2005, he was with ACCO, Saint-Germain-en-Laye,
France, where he was in charge of the design of silicon RF integrated
circuits. He joined the University of Poitiers, France, in 2005 as an
associate Professor. His present research interests include RF and Mi-
crowave integrated circuits with an emphasis on oscillators, VCOs and
phased-array transmitters. He has published several papersin interna-
tional journals (JSSC) and conferences (RFIC, IMS, ECWT, CSICS,
ISCAS).

Dr. Cordeau is currently a member of Club Electrotechnique, Elec-
tronique, Automatique (EEA), France and is involved in national re-
search programs.

Jean-Marie Paillot received a PhD in
Electronics form the University of Limoges,
Frances, in 1990. His thesis on the design
of non-linear analogic circuits and the study
of the noise spectra of integrated oscillators
was prepared at the Institute of Research for
Optical Communications and Microwaves,
Limoges, Frances.

After graduation, he joined the Electron-
ics Laboratory of PHILIPS Microwave, at

Limeil, Frances, as R&D engineer in charge of the design of analog-
ical and numerical microwave monolithic integrated circuits.Since
October 1992, he is with the University Institute of Technology, An-
goulême, where he is currently Professor of Electronics Engineering.

Prof. J.M. Paillot is in charge of several contracts with industry,
and author of papers published in scientific journals, he is presently
interested in phase noise reduction techniques for microwave oscilla-
tors (RFIC, EuMC) and analysis of switched capacitor filtersin RF
domain (RFIC, EuMC), as well as in the research and developmentof
circuits to drive antenna arrays (IMS).

11


