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ABSTRACT
The paper presents a new and efticient approach to

the simulation of accurate near-camier phase noise in
free-running microwave MESFET oscillators. A kind of
noise analysis model of the oscillators is introduced, in
which a complete nonlinear noise model of the
MESFET is included. An efficient algorithm is
proposed to predict the accurate near-carrier phase noise
in the microwave MESFET oscillators by nonlinear
current method. Comparison between simulations and
measurements proves that this approach is suitable for
microwave CAD and is excellent in both efllcieney and
precision in predicting SSB phase noise of the
m~icrowaveMESFET oscillators.

INTRODUCTION
Phase noise is a very important figure of merit in

mticrowav~ oscillators. Accurate simulation of noise
behavior has become an important part of general-
purpose microwave CAD. Over the last few years,
vttrious methods for phase noise analysis in the
microwave MESFET oscillators have been developed [1,
2, 3]. Yet these methods are not very suitable for the
general-purpose CAD. With the development of CAD
techniques for nonlinear microwave circuits, harmonic
balance (HEt) and Volterra series become the most
popular methods used in analyzing steady-state of

nonlinear microwave circuits. HBM has found
successful applications in simulating the phase noise of
the microwave MESFET oscillators [4, 5], but phase
noise analysis through HB usually needs much CPU
time. Nonlinear Current Method (NCM) is a very
efilcient method based on Volterra series that has been
widely used to simulate steady-state of the oscillators [6],
yet there is not any report in literature about its
application in phase noise analysis of oscillators, The
work presented here represents an attempt to fulfill this
gap.

In this paper, we’ll present a new method to predict
accurate near-carrier phase noise in the free-running
microwave MESFET oscillators by the nonlinear current
method. A kind of noise analysis model of the

oscillators that contains a complete nonlinear noise
model of the MESFET will be introduced. An efficient
algorithm will be stated which can predict the accurate
near-carrier phase noise in the oscillators. Examples of
application of the theory will also be given to
demonstrate its high el%cieney and precision

BASIC THEORY
In order to simulate the phase noise in the

microwave MESFET oscillators, we introduce here the
nonlinear equivalent noise model of the MESFET and a
kind of noise analysis model of the oscillators. Fig. 1 is
the noise analysis model for simulating the near-carrier
phase noise of the oscillators. Inside the dashed frame in
Fig. 1 represents the intrinsic nonlinear equivalent noise
model of the MESFET, where all its nonlinear elements
can be described by the following power series:

Qcgs(~gs) = Cgdvgs + Cgs2~;s + Cgs3~;s+. . . (1)

Qcdg(%g) = CdglVdg + cdg2v:g + %g3~:g+ ., (2)

Qcti.(%.)= CAIVA+%% + Cds3~l+. . .

2 + Gg83V:+. ,,~gsWgs) = Ggslvg. + Gg.2vg.

~dg (J&)= Gdgl%g + Gdg2Jl:g + Gdg3v& ~

ldJVg~ ,V&) = GloVgs+ G20J’:, + G30V;.

+GolVd~+ G02V:S+ G03V;s

+GI IVgsVds + G2 Iy;syds + G12VgsV;s +. .

(3)

(4)

(5)

(6)

There are some noise sources in Fig. 1, where Ing, Iml,
Ins and Ini are thermal noise corresponding to Rg, Rd,

Ils and Ri; Inf and IA represent thermal noise of the

feedback circuit and the load, respectively Ings, Imlg
and Intts are shot noise sources; and En represents the
equivalent I/f noise source at the gate of the MESFET.
The noise analysis model of the oscillators contains all
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kinds of noise sources in the circuit. All of these noise
sources are up-converted or modulated to the carrier due
to nonlinearities in the MESFET, and symmetrical noise
sidebands are generated around the carrier in the output
spectrum.

As stated in [4, 5], the noise sources in Fig. 1 are
much smaller than the carrier signal and can be
considered as pseudo-sinusoids. Then we can analyze
the phase noise behavior of the oscillators by the
nonlinear current method. The algorithm to simulate
the accurate near-carrier phase noise in the oscillators is
outlined as follow5

(J) Analyze the steady-state response of the noise-
free oscillators by the nonlinear current method. Split
the nonlinear noise-fkee oscillator circuit into a linear
sub-circuit and a nonlinear sub-circuit. Each nonlinear
element is then equalized by a linear component and a
series of nonlinear current sources. Then the circuit
becomes a linearized one that is driven by these
nonlinear current sources. According to the theory of
the NCM, accurate nonlinear current sources generated
by the nonlinear elements can be calculated and be used
to simulate the accurate steady-state of the oscillators.
Assume the calculated oscillating frequency is fo, the
steady-state voltage vector of the noise-free oscillator is

~(~O)(k=l-lV~), and the voltages across Cgs, Cdg,

Cds and ZL are Vgs(kfo), Vdg(kfo), Vds(kfo) and

Vout(kfo), respectively.
(II) Compute the response at the noise sidebands of

the oscillators by the nonlinear current method. All the
noise sources in the circuit can be considered as very
small drives. When the linearized oscillator circuij is
excited only by those noise sources, the corresponding
base-band response can be obtained through nodal
analysis. Assume the response due to these noise sources

is ~(yn ), and the noise voltages across Cgs, Cdg and

Cds are Vizgs(j%l), Vndg@z) and Vlzds(fint),
respectively, where fm is the frequency deviation from
carrier. Then the first order voltage response of the
circuit can be obtained as

~ = ~(kf-o) +~(fm) (7)

From the theory of the nonlinear current method,
the second order nonlinear current vector can be
calculated:

Zz(kfo +fnl)

[= 12ncgs* 12ncdg, 12ncd., 12ngs> 12ndg~ 2ndsI ]* (8)

12Kg. = jdn(kfo + fm)cg.2vgs(kfo) vngsVm) (9)

12nCdg= J4 ~kjo ~ fm)cdg2vdg(kfo) vndgfm) (lo)

12nCds = j4 ~kf. ‘fm)cds2vd$kfo) vnds~m)
(11)

12ng.= 2Ggs2J’gJkf.)vng.&) (12)

rzndg = 2Gdg2vdg(kfo)~zdgtit,,) (13)

12n& = 2G20VgJkfo)VngJ~m)+zG@&(kfo)Vn&m)

‘Gu [Vgs( f.) mis mk V (f )+r~d$(kfo)r~ngs~m)] (14)

The corresponding second order voltage response of the
circuit can then be solved:

E(ki +jJ=Y1(k& +J,l) ~~,(wo+JJ> (15)

where Y is the nodal admittance matrix of the linearized
circuit. Because the noise sources are very small, higher
order nonlinear current sources and corresponding
voltage response contribute little to the response at the
noise sidebands kfo+fnl and may be omitted. So

~2}j (&. + fm) is thevoltage vector at the noise

sidebands. Assume the output voltage at kfo+fnz is
Vnout(kfo+fnl).

(III) Compute the loaded quality factor QL of the

oscillators by frequency-pulling method [7] and the
nonlinear current method. The oscillating frequency fo

of the oscillator was obtained through NCM analysis in

the first step of the algorithm while the load was ZL.

Here a very small perturbation is introduced to the load

ZL and its corresponding VSWR can be calculated,

Then the oscillating frequency of the oscillator will be
perturbed witl respect to the effect of load-frequency
pulling. The pulling figure of the oscillators can be
obtained by re-analyzing the circuit through the NCM,

and the loaded quality factor ~L of the oscillators may

be calculated easily.

(IV) As shown in Fig. 1, the feedback network of

the circuit model is equivalent to a low pass filter, the

transfer fanction of which can be expressed as follows

[1, 8]:

‘M.,) = [1 ‘~2jnQL,(kfo)/ (W.)]-*
(16)

where QL (I~o ) is the loaded quality factor of the

oscillators at k-th harmonic and may be calculated
eftlciently by the method stated in step (III).

where
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(V) Calculate the single-sideband (SSB) phase-

noise-to-carrier ratio L{ fm ). According to definition

of the SSB phase-noise-to-carrier ratio, it gives:

@Bc/EIz) (17)

This formula is very simple and the algorithm
stated above is suitable for microwave CAD. The
recursion and analyticity of the NCM make the
algorithm very efficient. The accurate near-carrier SSB
phase noise in the oscillators can be predicted because
all of the noise sources mixed with the carrier signal
have been taken into account in the nonlinear noise
analysis model of the oscillators.

EXAMPLES OF APPLICATION
The above theory has been used to analyze the near-

carrier phase noise of two oscillators shown in Fig, 2

and Fig. 3. For the oscillator circuit shown in Fig. 2, Fig.
4 gives comparison between results simulated here and
calculated by the following widely used formula [1]:

(dBc/Hz) (18)

The solid line in Fig. 4 represents the simulated SSB
phase noise of the circuit, and the dashed line
corresponds to the results calculated by (18). The errors
between them are less than 3.5 dB over the frequency
range from 1 kHz to 100 MHz.

For the second oscillator shown in Fig. 3, the results
simulated by our method and measured and simulated
by HBM [5] are depicted in Fig. 5, where the solid line
represents the simulated results in this paper. Fig. 5
shows that the accuracy of our method with respect to
the experiment is better than that of the method given
by [5]. Errors between our simulation and the
measurement are under 3 dB while the frequency
deviationj%t<l MHz, and errors between the simulation
in [5] and the measurement were up to 5 dB, The CPU
time needed for a PC386 to calculate 50 points of the
SSB phase noise by our method is only about a few
seconds, while a HP9000 workstation needed about 6
seconds by the method proposed in [5]. All these
indicate clearly that the method stated here is better
both in accuracy and efficiency.

CONCLUSIONS
This paper presented a new method to simulate the

accurate near-carrier SSB phase noise in free-running
microwave MESFET oscillators. A kind of noise
analysis model of the oscillators was introduced, and an
efficient algorithm for phase noise analysis was stated.
Examples of application prove that the new method is
suitable for the microwave CAD and is excellent in both
efficiency and precision in predicting the near-carrier
SSB phase noise of the microwave MESFET oscillators.
The theory presented in this paper can also be applied to
other kinds of microwave oscillators.
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Fig. 1, Noise analysis model of MESFET oscillators
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Fig. 2. ‘Circuit of the first oscillator
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Fig. 3. Circuit of the second oscillator
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Fig. 4. SSB phase noise of the first oscillator
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Fig. 5. SSB phase noise of the second oscillator

1522


