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Nonlinear Modeling and Design of Bipolar Transistors
Ultra-Low Phase-Noise Dielectric-Resonator Oscillators

M. Regis, O. Llopis, and J. Graffeuil

Abstract—This paper presents a design methodology for low phase-
noise dielectric-resonator oscillators (DRO’s) with applications examples
at 4 GHz. Different oscillators topologies are investigated and, finally,
three oscillators’ configurations have been simulated, realized in discrete
elements, and characterized. The best measured phase-noise magnitude
is �133 dBc/Hz at 10-kHz offset frequency.

I. INTRODUCTION

Precise frequency generation is an essential function in telecom-
munications or radars applications. The phase-noise modeling in
microwave free-running oscillators has been a subject of research
for many years, but many problems remain unsolved and make the
nonlinear design approach very difficult [1]–[5]. However, because of
the availability of efficient commercial nonlinear software, it would
be in appropriate to base the design of low phase-noise dielectric-
resonator oscillators (DRO’s) only on the classical small-signal
approach [6].

The aim of this paper is to demonstrate that the nonlinear simula-
tion, in spite of being able to predict in all cases the exact phase-noise
level of the oscillator, is still a good tool to check if a circuit topology
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is appropriate for a low phase-noise design. As an example, problems
of impedance matching and resonator decoupling are discussed for
parallel-feedback oscillators and compared to empirical rules often
used by engineers in that field.

Since in this paper our main interest is on ultra-low phase-noise
DRO’s, only silicon bipolar junction transistors (BJT’s) oscillators
are investigated. The selected devices feature very good performances
in terms of low-frequency (LF) noise, which are still unreached by
heterojunction bipolar transistors (HBT’s) technology. We found that
only some carefully selected devices in the Si/SiGe HBT family could
reach these noise levels, with the advantage of higher gain and cutoff
frequency compared to the BJT. This study is actually a preliminary
study for the design of ultra-low phase-noise Si/SiGe HBT oscillators,
but the first results obtained with these devices will be published
elsewhere [7]. In this paper, we will focus on oscillator design and
topology.

The paper is organized as follows. Section II describes the circuit
elements and operating conditions. In Section III, we propose a
phase-noise-simulation approach based on input LF, the phase-noise
measurements’ results obtained on the different oscillators. Finally,
these results are compared to the simulation results of Section IV.

II. CIRCUITS ELEMENTS AND OPERATING CONDITIONS

Various high-frequency BJT devices are commercially available,
but they all feature different LF noise characteristics. A preliminary
test is necessary before choosing a device for a low phase-noise-
oscillator application. This can be done either by measuring the LF
noise on the quiescent (or nonoscillating) device or by measuring
the amplifier-device residual phase noise or directly by measuring
the phase noise of test oscillators in which the device is embedded
[8]. None of these methods is totally rigorous, but the three give
valuable information and almost always converge to the same device
classification. The Hewlett-Packard Si-BJT AT41400 has thus been
selected. It features an extremely low input voltage noise level of
about 0.4 nV/

p
Hz at 1 kHz (see Fig. 1, curve 2) compared with

other devices of the same type [9] and is easily able to sustain a
4-GHz oscillation. The bias conditions are approximatelyIc = 30
mA and Vce = 4 V (see Section III).

The passive part of the oscillator is realized with a Murata’s U
dielectric resonator featuring an unloadedQ-factor (Qo) of 8000.
This dielectric resonator is supported by a Teflon rod and used in
transmission or in reflection modes. In the transmission configuration,
it is placed in a metallic housing (copper) and the coupling adjustment
is done by magnetic probes. In the reflection configuration, the
dielectric resonator is placed near a 50-
 microstrip line on an
alumina substrate.

III. PHASE-NOISE-SIMULATION METHOD

In microwave oscillators, the phase noise is generally attributed to
the active device LF noise. This LF noise is converted into frequency
fluctuations by a nonlinear mixing process. The classical modeling
method uses two noise sources (current and voltage) referred to
the transistor input [2], [9]–[12]. The LF noise is measured on the
nonoscillating device, and the phase-noise calculation is performed
either by using a conversion matrix method, which consists of
studying a low-level phase-modulation processor or by using a
pushing-factor approach.

The pushing-factor approach is based on the assumption that the
device LF equivalent circuit is almost constant in the LF noise
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Fig. 1. Equivalent input LF-voltage-noise spectral density.
1 : transistor oscillating.
2 : transistor at rest (Ic = 16 mA, Vce = 4 V).

frequency range and suggest that the frequency sensitivity to the noise
can be calculated by small dc variations near the nonlinear operating
point. It is a two-step procedure, which involves the calculation of the
total noise applied to a control voltage in a first step and the frequency
sensitivity to this control voltage in a second step. Choosing the
external base–emitter voltage as the control voltage, we first calculate
the noise�V referred to this access and then find the pushing factor
as

kp =
�f

�Vbe
Hz/V: (1)

The single sideband (SSB) phase noise is given by

L(f) = 20 log
kp�V
p
2 � f

dBc/Hz (2)

wheref is the offset frequency and�V is the input voltage noise
(V/

p
Hz).

In the case of bipolar transistors, either BJT or HBT devices, it
is always possible to reduce the influence of one of the two input
noise sources, current or voltage. A high LF impedance on the
base access (“high” meaning high enough compared to the transistor
input LF dynamic impedance) will enhance the noise current effect
and cancel the noise voltage effect. On the contrary, a low LF
impedancewill enhance the noise voltage effect and reduce the noise
current effect. This last configuration is difficult to obtain because
the bipolar transistor is a current-controlled device. However, it is
always possible to use a high-value capacitance on the base to ensure
a low impedance at the noise frequencies while maintaining a high
impedance value at dc. It has been shown that, in many cases,
the influence on the FM noise of the base current noise is larger
than the influence of the voltage noise [11], [12]. Therefore, this
high-value capacitance on the base is systematically used in our
bipolar oscillators, and only the input voltage noise is considered and
measured. This noise is plotted in Fig. 1 for an AT41400 device,
the lower spectra corresponding to the quiescent device and the
other to the device embedded into a parallel-feedback oscillator.
There is a strong difference between the noise sources or, more
exactly, the equivalent-input noise sources, when the transistor does
and does not oscillate. The problem has been described for FET
oscillators [3] and is related to the self-biasing and gain (or other
transfer parameters) compression in the nonlinear regime. In this case,
both the noise amplitude and shape are modified, including the1=f
component of noise. This phenomenon will always occur on transistor
models involving extrinsic noise sources. However, an intrinsic noise

Fig. 2. Simulated and measured phase noise for a parallel-feedback 4-GHz
oscillator using a lowQ-factor resonator(QL = 160).

model for BJT devices that could take into account these self-
biasing phenomena has not yet been published. Also note that, in
the past, good results have been obtained with the extrinsic noise-
source approach [5], [13]. Therefore, with regard to these limitations,
it is not possible to calculate the exact oscillator phase noise, but
it should be possible to find an oscillator topology featuring a good
phase-noise performance.

The noise source that will be further considered is the noise source
measured under oscillation. As its level is dependent mainly on the
compression level of the device under oscillation, the following study
will be performed approximately at the same compression level, i.e.,
close to the 1-dB compression point. It has indeed been found that the
low compression-level condition was an interesting condition for a
low conversion of the LF noise into phase noise in these oscillators.
In most of our calculations, the phase noise is optimum when the
losses in the feedback loop are close to the transistor gain.

Other parameters that can have a strong effect on phase noise
are the dc bias point and the LF feedback elements. As shown in
[11]–[13] a high enough collector-current bias point must be chosen to
minimize the noise-conversion process. Also, an active LF feedback
may be used to cancel the input noise-source effect [13], but this often
results at microwaves frequencies in transistor instabilities. Increasing
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(a) (b)

(c)

Fig. 3. DRO’s circuits used for the phase-noise simulations and the circuits design. (a) Parallel feedback (transistor maintained on 50
). (b) Parallel
feedback (transistor matched for high gain). (c) Serial feedback.

the emitter resistance has also been proposed [13], but it results
in a decrease of the transistor gain, which is not high enough at
microwave frequencies on our BJT devices. Taking into account these
LF conditions, we have performed different simulations with different
high-frequency conditions (impedance, topology, etc.) in order to find
a low phase-noise oscillator configuration. A problem appears when
the high capacitance value on the base (which filters the current noise)
is taken into account in the analysis. Of course, this capacitance has
no effect on a pushing-type analysis. To circumvent the difficulty,
we have used an artificial noise source calculated in such a way
that this source creates, on theVbe control voltage, the same noise
level that has been measured at low frequencies using a low dc (or
LF) input impedance. This method works, provided that the base
shunt capacitance can be considered as a short circuit at the noise
frequencies, which is generally true for a few tens of microfarad
capacitance and frequencies above 100 Hz [11].

IV. PHASE-NOISE-SIMULATION RESULTS

In this section, the phase-noise-simulation results obtained on dif-
ferent oscillator configurations are described. The nonlinear transistor
model is the spice equivalent circuit of the HP-MDS software. We
have first investigated a parallel-feedback oscillator where the active
device is maintained between the 50-
 isolators. This topology
allowed us to check the validity of the phase-noise simulation method.
In Fig. 2, the simulation and measurement results obtained on a 4-
GHz oscillator, using a TM-mode cavity in the feedback with a loaded
Q of 160, are reported. The phase-noise characterization has been
performed with a delay-line discriminator featuring a noise-floor of

Fig. 4. Simulated phase noise with the three configurations (f0 = 4 GHz,
QL = 1500 [A], QL = 3800[B], QL = 3000 [C]).

�125 dBc/Hz at 10-kHz offset frequency (4 GHz). A very good
agreement is found between theory ad experiment, as it is shown in
Fig. 2, but is has to be mentioned that, in this case, the input LF
noise was measured directly on this oscillator. However, this result
validates the simulation approach and the oscillator modeling.

In a second step, we have worked toward an optimization of
the phase noise. The classical approach for parallel-feedback DRO’s
consists of minimizing the dielectric-resonator coupling in order to
obtain highQ-values. The relation between the phase noise and
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Fig. 5. Measured phase noise with the three configurations (f0 = 4 GHz).

Q-factor is given by [11], [14]

L(f) = 20 log
fo � �'T

2
p
2 �QL � f

(3)

where

�'T residual phase fluctuation of the active device (rad/
p

Hz);
fo oscillation frequency;
QL resonator loadedQ-factor;
f noise offset frequency.

It is obvious that increasingQL will reduce the phase noise, but only
if �'T is held constant. We will see that this is not always true.

Three topologies have been investigated (see Fig. 3):

[A] parallel-feedback oscillator where the transistor is maintained
between two 50-
 isolators;

[B] parallel-feedback oscillator using a transistor matched for
high gain (reference impedance= 50 
);

[C] serial-feedback oscillator in which the transistor is consid-
ered as a negative resistance.

Fig. 4 presents the simulation results obtained in the three config-
urations ([A], [B], and [C]). Curve [A] corresponds to an oscillator
stabilized on a resonator with a loadedQ-factor of 1500 and 2-dB
losses. Indeed, the coupling level is determined by the low transistor-
gain value onto 50-
 loads. The observed phase-noise magnitude
(�133 dBc/Hz at 10-kHz offset frequency) is consistent with the
Q-factor ratio when compared to the results of Fig. 2. Curve[B]
corresponds to an oscillator which uses the same resonator, but with
a coupling factor much lower, thanks to the small-signal-gain match
that has been realized. The resulting loadedQ-factor is 3800, with
5.5-dB losses. The phase noise is surprisingly higher than in the first
case (�127 dBc/Hz at 10 kHz) and this demonstrates that an oscillator
design must not be based only on theQ-factor value: the increase of
the open-loop gain also increases the open-loop phase fluctuations.

A tradeoff between high gain and low phase noise is achieved
through a serial-feedback configuration. This topology allows sim-
ulated phase-noise levels below�140 dBc/Hz at 10-kHz offset
frequency to be reached with a loadedQ-factor of 3000 (see Fig. 4,
curve [C]).

In order to check the validity of these results, we have realized
these three oscillators, either by using discrete elements (parallel-

feedback[A]) or an hybrid technology on alumina substrate (parallel-
feedback[B] and serial-feedback[C]). In both cases, a line stretcher
has been used in order to find the optimum phase condition for an
oscillation at the resonator center frequency.

V. MEASUREMENT RESULTS

The measurements have been performed with a frequency discrim-
inator based on a highQ resonator of the same type of the one used
in the oscillators. We use a two-mixer technique, which allows one to
reach a phase-noise floor lower than�135 dBc/Hz at 10 kHz or�160
dBc/Hz at 100-kHz offset frequency. A Faraday’s shielding reduces
the electrical LF perturbations that are one of the major problems in
the characterization of this type of oscillators. However, for parallel-
feedback oscillators, the plot has been restricted to the 1–100-kHz
range because of the presents (at lower frequencies) of parasitic
signals coming from an amplifier used to obtain a high enough level
on the mixers inputs (no such problems occurred with the serial-
feedback oscillator, thanks to a sufficient output level). The phase-
noise measurements are depicted in Fig. 5. It is important to note that
there is a good correlation between simulations and measurements
for parallel feedback ([A] and [B]). In the third topology [C], the
oscillator was found to be much more unstable than the parallel-
feedback oscillators with the occurrence of chaotic regimes while
tuning the bias conditions or the LF loads (capacitance). This problem
has been solved using an active biasing circuit, which has allowed
one to minimize the collector-current variations and to stabilize the
circuit quiescent point. The measured phase noise is close to the
simulated one for frequencies higher than 1-kHz offset from the
carrier. For frequencies lower than this offset, the observed phase-
noise increase is suspected to be partly due to parasitics signals
induced by mechanical vibrations.

Finally, the key idea that is revealed by this study is that a
configuration with a maximum gain and a maximum resonator
decoupling is not suitable for low phase-noise operation, in spite of a
high loadedQ. The same effect has been observed in FET oscillators
through residual phase-noise measurements of FET amplifiers [15].
Some authors [16] already recommended a resonator coupling such
thatQL = Qo=2 as an optimum coupling coefficient. The theoretical
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background of [16] is very different from out approach, which
concentrates on the additive phase fluctuations of the transistor
(3); however, the final result is the same and can be stated as
follows: increasing the loadedQ aboveQo=2 is not necessary, and
a compromise between gain and frequency sensitivity to voltage
fluctuations seems to be indicated more).

VI. CONCLUSION

This paper reports on the nonlinear simulation, realization, and
measurement of various types of BJT DRO’s. In the parallel-feedback
designs, the lower phase-noise level has been obtained with the tran-
sistor loaded onto 50
, both through simulation and measurement.
The simulation of a serial-feedback oscillator demonstrates great
capabilities compared to the parallel-feedback case. However, this
has not been fully confirmed by the experiment, probably due to
instability problems. These problems are quite common in high-
frequency bipolar devices, particularly on silicon devices which
feature high-gain values at relatively low frequencies, and are hardly
detected by simulation. Today, this study is extended to Si/SiGe HBT
oscillators, which features almost the same noise performances, but
with higher capabilities in the operation frequency.
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