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Abstract The phase noise generated by a FET device is
investigated using transmission and reflection residual phase
noise measurements. This approach helps in locating, in the
intrinsic device, the low frequency noise sources which are
responsible for these phase fluctuations. On the basis of these
experiments, a new nonlinear noise model of the FET is
proposed. This model is able to describe a phenomenon that
has been observed, but never modeled in the past: the
dependence of the baseband noise on the microwave input
power.

[. INTRODUCTION

The oscillator phase noise has been, for more than 30
years, one of the most difficult and less understood
problem in microwave electronics. The high frequency
white noise has been firstly proposed as the possible cause
of oscillator's frequency fluctuations [1]. Then, the
transposition of the transistor low frequency (LF) noise (or
excess noise) has been recognized as the main source of
frequency fluctuations in most microwave oscillators [2,3].
The main goal of the microwave scientists has then been to
model this transposition of LF noise into microwave phase
noise. This has been done successfully with simplified
models [4] for a qualitative description of the mechanisms,
or more accurately using dedicated CAD approaches [5,6].

However, each of these techniques supposes that the
LF noise sources in the device are well known and can be
localized in the intrinsic non-linear model of the transistor.
This is, in our opinion, the most difficult step in an
oscillator phase noise modeling.

The reason is that the location of a noise source in the
nonlinear model is of prime importance. Indeed, in alinear
design, a physical noise source in the device can be
replaced by an equivalent noise source (almost) anywhere
else in the device. On the contrary, in anonlinear design, a
given noise source will induce the fluctuations of some
nonlinear elements and these fluctuations will strongly

depend on the location of the source with respect to these
elements.

It is therefore essential to determine an experimental
procedure which can help in the localization and in the
extraction of these intrinsic noise sources. In this paper,
residua phase noise measurements and drain current LF
noise measurements are used to this purpose. These
measurements are performed at different input microwave
levels, ranging from the linear operation to the strong
compression regime. Moreover, reflection mode residual
phase noise measurements are performed and help in the
understanding of, as an example, the gate related noise
mechanisms. On the basis of these results, a new nonlinear
noise model of a commercial PHEMT device is proposed.
The main interest of this model isin its ability to describe
the dependence of the LF noise on the microwave input
power.

Il. EXPERIMENTAL SET-UP

The experimental set-up is depicted in Fig. 1. The residual
phase noise data (or open loop phase noise) has been
preferred to the measurement of an oscillator phase noise
because a better control of the experimental set up is
provided by this measurement mode [7]. The transistor
behaves as an amplifier, there is no loop condition and a
measurement is possible from the nonlinear regime down
to a perfectly linear regime while, in the oscillator case,
the linear regime cannot be easily investigated. Moreover,
these two types of phase noise are not so much different :
it is the amplifier phase noise which is directly converted
into oscillator's frequency fluctuations in an oscillator
loop [8].

The two parameters that are being measured are the
PHEMT phase fluctuations, on 50 W input/output loads,
and the PHEMT drain current fluctuations. The whole
experiment is performed in a shielded environment, and
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the device is battery biased. The input source is a low
noise dielectric resonator oscillator, also battery biased,
and the experiment is optimized to reject the AM and FM
noise of this source. Thanks to a two mixers technique and
an associated cross-spectrum analysis, the noise floor of
the residual phase noise measurement is much lower than
the phase noise levels that are measured on FET devices.
This noise floor isin the range of -175 dBc/Hz at 10 kHz
offset.

FFT spectrum analyser

Faraday's shielding

Figure 1 : Experimental set-up for the residual phase noise
and LF noise measurements

[1l. LF NOISE AND PHASE NOISE MEASUREMENT

The measured LF noise data are depicted in Figure 2.
The LF drain current noise is systematically transformed
into an equivalent voltage noise source on the gate, by
measuring the FET LF gain (or transconductance) under
non-linear operation. A strong change is observed on this
spectrum between the linear regime and the compression
regime, both in amplitude and shape. Such a behavior has
been already discussed in earlier papers [9,10,11]. It is
responsible for the inaccuracy of the phase noise
calculations performed with the gate voltage excess noise
model. The change of the equivalent noise spectrum with
the input microwave power can be understood through the
following equation :

S, = [k(VgsVA9I* S, + [ko(VESVAI* S + ... (1)

where S, is the total equivalent gate noise spectral density,
S, (n = 1,2..)) are the intrinsic noise sources spectral
densities and k,(Vgs\Vds) are the transfer functions
between these sources and their representation on the gate
electrode. These transfer functions can be nonlinear and,
in this case, when the microwave signal is superimposed
on the device, they are modified. In these conditions, the
effect of some noise sources can be increased, with respect
to other sources.
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Figure 2 : Measured equivalent input LF noise spectral density
of the PHEMT device versus different input microwave power
levels at 3.5 GHz (from the linear regime up to compression :
-8 dBm < Pin< + 4 dBm)

-120
Sy .

-130F > |‘H RnT
~ 0 )
I N o AL
g B v |
@ Uil
3 g
g
T -1501

-160 Lo L

10 102 108
Frequency (H2)

Figure 3 : Measured residual phase noise of the PHEMT device
at 3.5 GHz (same conditions than in Fig. 2)

The only rigorous solution to this problem is to
combine different measurement data to extract the intrinsic
noise sources S,. We use, to this purpose, residual phase
noise data, both in transmission and reflection mode.

The transmission residual phase noise data for the
same device are depicted in Figure 3. These spectra clearly
show that the observed LF noise variations versus the
input microwave power are also observed on the phase
noise data. Moreover, at high input power, a strong
generation-recombination (G-R) noise source, revealed by
a strong bump near 10 kHz, is predominant in both
measurements. This is typical of what we have already
observed on other HEMT devices [9,10]. Also, this
similarity between the LF noise and the microwave phase
noise at high input power is the evidence of a strong
correlation between these two fluctuation phenomena. It is
due to the predominance of a specific LF noise source in
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the LF to phase noise conversion process. Our main goal
has thus been to find a model able to describe the rising
influence of such a noise source with the increasing
microwave power.

Thefirst step isin finding the location of such anoise
source in the nonlinear model of the transistor. To this
purpose, the information given by reflection mode residual
phase noise measurement is particularly interesting. This
new phase noise measurement mode consists in using a
circulator to separate the reflected wave from the input
wave on the FET gate or drain port, thus allowing the
phase noise of the reflected wave to be measured. The
phase noise of a ferrite circulator is much lower than a
GaAs transistor noise and there are no specia difficulties
in such an experiment, except that the power level on the
mixer RF port is lower than in the transmission case
because of the absence of any amplification through the
DUT.

The result of such an experiment is depicted in
Figure 4. The PHEMT residual phase noise is shown, for a
high microwave input power level of 4 dBm, on three
measurement configurations: reflection on the gate
electrode (phase fluctuations of S,;), reflection on the
drain electrode (phase fluctuations of S,,) and transmission
gate-drain (phase fluctuations of S,;).
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Figure 4 : Measured reflection and transmission phase noise at
high level (4 dBm) ; reflection on the input (gate) and on the
output (drain).

When compared to the transmission phase noise data,
the reflection phase noise reveals a very similar spectral
shape at the input and a much different at the output.
Actually, the spectral shape observed at the output is
similar to the one observed in transmission at low input
power. Two major remarks can be made from these
results. The first one is that a strong fluctuation of the
gate-source reactance takes place in the device, which is

responsible for the high level of phase noise in reflection
on the gate. The second one is that the high G-R noise
source observed at high level on the LF noise or on the
transmission phase noise spectrais predominant only if the
microwave signa is injected on the PHEMT gate
electrode.

These remarks demonstrates the existence of a gate
related LF noise source, associated with a gate related
nonlinear element able to trandate the effect of this LF
source into phase fluctuations. In various papers [4,10],
this noise source was described as a voltage noise source
in series with the gate electrode and the gate capacitance
was suspected to be the main nonlinear element in the
device responsible for the transposition of this LF noise
into phase noise. Unfortunately, this model is unable to
explain the strong changes in the spectral shapes depicted
in Figures 2 and 3. It is therefore essential to determine
which gate related nonlinear element of the PHEMT
equivalent circuit can be responsible for this behavior.
There is effectively one parameter, which is often
considered to be linear, but which actually features
variations with the gate bias : the input channel resistance
Ri. A multi-bias small signal model extraction procedure
shows that this resistance features bias related variations
that are inversely proportional to the one of the
transconductance g, which is a strong device nonlinearity.

IV. PHEMT NON LINEAR NOISE MODELING

The model used is depicted in Figure 5. It is a
classical laboratory extracted FET nonlinear model, in
which a polynomial Ri(Vgs) nonlinearity is added.

The LF noise is described with two sources : one
source is the classical voltage noise source in series on the
gate and the other one is a new current noise source in
parallel with Ri(Vgs).

The association of a current noise source with
Ri(Vgs) leads to an equivalent gate voltage noise which
depends on the microwave input power, simply because
the value of Ri depends on the microwave input power.
Therefore, such a noise source is predominant at high
microwave power.

The total LF noise measured has been shared
between these two sources, in order to obtain the better
possible fit of the measured noise data. Concerning the Ri
associated source, its spectral characteristics can not be
determined from the LF noise measured on the quiescent
device. Therefore, the LF noise data measured at different
high microwave level have been used to model this source.
On the contrary, the influence of the classical gate voltage
noise source is predominant at low microwave power and
the LF noise data measured on the quiescent device is used
in this case to model it.
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Figure5: PHEMT nonlinear model, including the two LF noise
sources Sv and Si
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Figure 6: Modeled transmission residual phase noise of the
PHEMT device (same conditions than in Fig. 3)

V. PHASE NOISE SIMULATION

The PHEMT phase noise is simulated using a
commercia harmonic balance software and a modulation
approach [5]. The conversion coefficients of each of the
two noise sources into phase fluctuations are calculated
through a quasi static perturbation of the nonlinear steady
state. Then, the total phase noise is the sum of these two
contributions, which are supposed to be uncorrelated.

The result of this phase noise modeling is shown in
Figure 6. The increase of the phase noise at high input
power is well described. Compared to the results of
Figure 3, the phase noise variation with the microwave
power is now very similar ; the only difference is in the
absolute level of phase noise which is a few dB lower on
the simulated values than on the measured ones. This can
be due to the difficulties met during the model extraction :
the phase noise mainly depends on the gate charge and the
input channel resistance nonlinearities, and these two
elements are not the easiest ones to model.

V1. CONCLUSION

The phase noise modeling of FET devices has always
been a difficult task and no device nonlinear model able to
describe the noise variations with the microwave power
was available, up to now. In this paper, the generation of
the phase fluctuations near the gate electrode of a PHEMT
device is demonstrated using various residual phase noise
measurements (reflection and transmission). A new
nonlinear model of the device is then proposed, including
two low frequency noise sources. This model solves, for
this device, the problem of the LF noise dependence on the
microwave power.
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