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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
Nonlinear Modeling .and Pes'gr? of Bipolar TranSI'stors the phase noise of test oscillators in which the device is embedded
Ultra-Low Phase-Noise Dielectric-Resonator Oscillators  [g]. 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
Abstract—This paper presents a design methodology for low phase- 00Ut 0.4 nV{/ Hz at 1 kHz (see Fig. 1, curve 2) compared with
noise dielectric-resonator oscillators (DRO’s) with applications examples Other devices of the same type [9] and is easily able to sustain a

at 4 GHz. Different oscillators topologies are investigated and, finally, 4-GHz oscillation. The bias conditions are approximatEly= 30
three oscillators’ configurations have been simulated, realized in discrete ma and Vee = 4 V (see Section III).
elements, and characterized. The best measured phase-noise magnitude
is —133 dBc/Hz at 10-kHz offset frequency.

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

The passive part of the oscillator is realized with a Murata’s U

dielectric resonator featuring an unloadédfactor (¢),) of 8000.

This dielectric resonator is supported by a Teflon rod and used in

transmission or in reflection modes. In the transmission configuration,
Precise frequency generation is an essential function in telecoifis placed in a metallic housing (copper) and the coupling adjustment

munications or radars applications. The phase-noise modelingisgndone by magnetic probes. In the reflection configuration, the

microwave free-running oscillators has been a subject of reseatiblectric resonator is placed near a SOmicrostrip line on an

for many years, but many problems remain unsolved and make #lamina substrate.

nonlinear design approach very difficult [1]-[5]. However, because of

the availability of efficient commercial nonlinear software, it would IIl. PHASE-NOISE-SIMULATION METHOD

be in appropriate to base the design of low phase-noise dielectric;

A illat DRO’ | the classical l-si In microwave oscillators, the phase noise is generally attributed to
;epsporgg;: [ZTC' ators ( s) only on the classical sma 'S'gnme active device LF noise. This LF noise is converted into frequency

. . . . . fluctuations by a nonlinear mixing process. The classical modelin
The aim of this paper is to demonstrate that the nonlinear &mu(ﬁ y gp 9

N . . S iethod uses two noise sources (current and voltage) referred to
tion, in spite of being able to predict in all cases the exact phase-nohs1
level of the oscillator, is still a good tool to check if a circuit topologyn

. INTRODUCTION

& transistor input [2], [9]-[12]. The LF noise is measured on the
onoscillating device, and the phase-noise calculation is performed
Manuscript received November 3, 1997; revised April 14, 1998. either by using a conversion matrix method, which consists of

04Mi:Regi5 an%J-IGraﬁﬁ‘“il'Ja_re Wi_tg L'?"gs‘bc't\_‘RSéil)gy_rml“'o“Seccgd%tudying a low-level phase-modulation processor or by using a
, France, and also wi niversirau apatier, oulouse Cel expushing'factor approaCh.

France. . . .
0. Llopis is with LAAS-CNRS, 31077 Toulouse Cedex, France. The pushing-factor approach is based on the assumption that the

Publisher Item Identifier S 0018-9480(98)06733-7. device LF equivalent circuit is almost constant in the LF noise
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Fig. 1. Equivalent input LF-voltage-noise spectral densiy. transistor oscillating@): transistor at rest/t = 16 mA, V.. = 4 V).

frequency range and suggest that the frequency sensitivity to the noise o
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 theé .
external base—emitter voltage as the control voltage, we first calculat_é -100 ™\
the noiseAV referred to this access and then find the pushing factors x?k
as -110 N

-120 r%
L(f) = 2010g<kﬁAV

-130 ™
V2 f o

where f is the offset frequency andV is the input voltage noise ﬁ
(VIy/ Hz). 103 10° 105
In the case of bipolar transistors, either BJT or HBT devices, it Frequency (Hz)

is always possible to reduce the influence of one of the two input

noise sources, current or voltage. A high LF impedance on tﬁ?g|ﬁ{torsﬁgﬁgf%%j.fgﬁif“rrees%ﬁ;is(%:oiel?or)a parallel-feedback 4-GHz

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 LRodel for BJT devices that could take into account these self-
impedancewill enhance the noise voltage effect and reduce the ndifsing phenomena has not yet been published. Also note that, in
current effect. This last configuration is difficult to obtain becausthe past, good results have been obtained with the extrinsic noise-
the bipolar transistor is a current-controlled device. However, it 8ource approach [5], [13]. Therefore, with regard to these limitations,
always possible to use a high-value capacitance on the base to enguige not possible to calculate the exact oscillator phase noise, but
a low impedance at the noise frequencies while maintaining a higtshould be possible to find an oscillator topology featuring a good
impedance value at dc. It has been shown that, in many caggisase-noise performance.

the influence on the FM noise of the base current noise is largerThe noise source that will be further considered is the noise source
than the influence of the voltage noise [11], [12]. Therefore, thimeasured under oscillation. As its level is dependent mainly on the
high-value capacitance on the base is systematically used in aompression level of the device under oscillation, the following study
bipolar oscillators, and only the input voltage noise is considered anill be performed approximately at the same compression level, i.e.,
measured. This noise is plotted in Fig. 1 for an AT41400 devicelose to the 1-dB compression point. It has indeed been found that the
the lower spectra corresponding to the quiescent device and tbe compression-level condition was an interesting condition for a
other to the device embedded into a parallel-feedback oscillattow conversion of the LF noise into phase noise in these oscillators.
There is a strong difference between the noise sources or, mbremost of our calculations, the phase noise is optimum when the
exactly, the equivalent-input noise sources, when the transistor déesses in the feedback loop are close to the transistor gain.

and does not oscillate. The problem has been described for FETOther parameters that can have a strong effect on phase noise
oscillators [3] and is related to the self-biasing and gain (or othare the dc bias point and the LF feedback elements. As shown in
transfer parameters) compression in the nonlinear regime. In this c4$é&]-[13] a high enough collector-current bias point must be chosen to
both the noise amplitude and shape are modified, including fife minimize the noise-conversion process. Also, an active LF feedback
component of noise. This phenomenon will always occur on transistoay be used to cancel the input noise-source effect [13], but this often
models involving extrinsic noise sources. However, an intrinsic noisesults at microwaves frequencies in transistor instabilities. Increasing

Af

- AVVI}@DG

The single sideband (SSB) phase noise is given by

k, Hz/V. 1)

Single-sideband phase

) dBc/Hz 2)
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Fig. 3. DRO's circuits used for the phase-noise simulations and the circuits design. (a) Parallel feedback (transistor maintaineyl ¢io) $tarallel
feedback (transistor matched for high gain). (c) Serial feedback.

the emitter resistance has also been proposed [13], but it results 4o
in a decrease of the transistor gain, which is not high enough at k\
microwave frequencies on our BJT devices. Taking into account these N
LF conditions, we have performed different simulations with different 702 N
high-frequency conditions (impedance, topology, etc.) in order to fin§ N
a low phase-noise oscillator configuration. A problem appears when
the high capacitance value on the base (which filters the current noisé) 100 ~ B
is taken into account in the analysis. Of course, this capacitance h@s C N4
no effect on a pushing-type analysis. To circumvent the difficulty,& \3\
we have used an artificial noise source calculated in such a wdy 5, NEWIIIN
that this source creates, on thg. control voltage, the same noise 1
level that has been measured at low frequencies using a low dc (or ™

LF) input impedance. This method works, provided that the base .is0- i
shunt capacitance can be considered as a short circuit at the noise 10 100 1000 10000 100000
frequencies, which is generally true for a few tens of microfarad
capacitance and frequencies above 100 Hz [11].
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Fig. 4. Simulated phase noise with the three configuratighs= 4 GHz,
Qp = 1500 [4], Q. = 3800[B], Q. = 3000 [C]).
IV. PHASE-NOISE-SIMULATION RESULTS

In this section, the phase-noise-simulation results obtained on dif-
ferent oscillator configurations are described. The nonlinear transist_o%25 dBc/Hz at 10-kHz offset frequency (4 GHz). A very good

model is the spice equivalent circuit of the HP-MDS software. W@greement is found between theory ad experiment, as it is shown in
have first investigated a parallel-feedback oscillator where the actfvld: 2: but is has to b? mentloned_ that*_'” this case, the input LF
device is maintained between the S0isolators. This topology NOiSe was measured directly on this oscillator. However, this result
allowed us to check the validity of the phase-noise simulation methatflidates the simulation approach and the oscillator modeling.

In Fig. 2, the simulation and measurement results obtained on a 4In & second step, we have worked toward an optimization of
GHz oscillator, using a TM-mode cavity in the feedback with a loadeéie phase noise. The classical approach for parallel-feedback DRO’s
Q of 160, are reported. The phase-noise characterization has beensists of minimizing the dielectric-resonator coupling in order to
performed with a delay-line discriminator featuring a noise-floor ajbtain high ()-values. The relation between the phase noise and
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Fig. 5. Measured phase noise with the three configuratigns=£ 4 GHz).

Q@-factor is given by [11], [14] feedbaclA]) or an hybrid technology on alumina substrate (parallel-
' fo - Apr feedbacl B] and serial-feedbaclC1]). In both cases, a line stretcher
L(f) = ZOIOgm ()  has been used in order to find the optimum phase condition for an
where oscillation at the resonator center frequency.

Apr residual phase fluctuation of the active device (jadiz);
fo oscillation frequency;

Qr respnator loaded)-factor; The measurements have been performed with a frequency discrim-

f noise offset frequency. . .

; . ) ) . . inator based on a higfy resonator of the same type of the one used
Itis obvious that increasin@r, will reduce the phase noise, but only;, 1a oscillators. We use a two-mixer technique, which allows one to
if Apy s held cpnstant. We W'l_l see Fhat this is noj[ always true. reach a phase-noise floor lower that35 dBc/Hz at 10 kHz o160

Three topologies have been investigated (see Fig. 3): dBc/Hz at 100-kHz offset frequency. A Faraday’s shielding reduces

[A] parallel-feedback oscillator where the transistor is maintaingde electrical LF perturbations that are one of the major problems in

between two 502 isolators; the characterization of this type of oscillators. However, for parallel-

[B] parallel-feedback oscillator using a transistor matched fggedback oscillators, the plot has been restricted to the 1-100-kHz

high gain (reference impedanee 50 €2); range because of the presents (at lower frequencies) of parasitic

[C] serial-feedback oscillator in which the transistor is considsignals coming from an amplifier used to obtain a high enough level

ered as a negative resistance. on the mixers inputs (no such problems occurred with the serial-

Fig. 4 presents the simulation results obtained in the three conffgedback oscillator, thanks to a sufficient output level). The phase-
urations [4], [B], and[C]). Curve[A] corresponds to an oscillator noise measurements are depicted in Fig. 5. It is important to note that
stabilized on a resonator with a loadédfactor of 1500 and 2-dB there is a good correlation between simulations and measurements
losses. Indeed, the coupling level is determined by the low transistéor parallel feedback[@d] and [B]). In the third topology {], the
gain value onto 502 loads. The observed phase-noise magnitudescillator was found to be much more unstable than the parallel-
(—133 dBc/Hz at 10-kHz offset frequency) is consistent with thfeedback oscillators with the occurrence of chaotic regimes while
Q@-factor ratio when compared to the results of Fig. 2. Cud¢ tuning the bias conditions or the LF loads (capacitance). This problem
corresponds to an oscillator which uses the same resonator, but witls been solved using an active biasing circuit, which has allowed
a coupling factor much lower, thanks to the small-signal-gain matcme to minimize the collector-current variations and to stabilize the
that has been realized. The resulting loadgdactor is 3800, with circuit quiescent point. The measured phase noise is close to the
5.5-dB losses. The phase noise is surprisingly higher than in the feghulated one for frequencies higher than 1-kHz offset from the
case 127 dBc/Hz at 10 kHz) and this demonstrates that an oscillatoarrier. For frequencies lower than this offset, the observed phase-
design must not be based only on tRefactor value: the increase of noise increase is suspected to be partly due to parasitics signals
the open-loop gain also increases the open-loop phase fluctuatiorisduced by mechanical vibrations.

A tradeoff between high gain and low phase noise is achievedFinally, the key idea that is revealed by this study is that a
through a serial-feedback configuration. This topology allows singonfiguration with a maximum gain and a maximum resonator
ulated phase-noise levels below140 dBc/Hz at 10-kHz offset decoupling is not suitable for low phase-noise operation, in spite of a
frequency to be reached with a load@dfactor of 3000 (see Fig. 4, high loaded?)). The same effect has been observed in FET oscillators
curve [C]). through residual phase-noise measurements of FET amplifiers [15].

In order to check the validity of these results, we have realiz&éébme authors [16] already recommended a resonator coupling such
these three oscillators, either by using discrete elements (paraltebt@; = Q./2 as an optimum coupling coefficient. The theoretical

V. MEASUREMENT RESULTS



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 10, OCTOBER 1998

background of [16] is very different from out approach, which [5]
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 loade€ above(,/2 is not necessary, and 6
a compromise between gain and frequency sensitivity to voltage
fluctuations seems to be indicated more). M

VI.

This paper reports on the nonlinear simulation, realization, angg;
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 502, both through simulation and measurement.
The simulation of a serial-feedback oscillator demonstrates gregt)]
capabilities compared to the parallel-feedback case. However, this
has not been fully confirmed by the experiment, probably due {®0]
instability problems. These problems are quite common in high-
frequency bipolar devices, particularly on silicon devices whic 1
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.

CONCLUSION

[12]
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