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Abstract—This paper presents a direct extraction method for
the associated noise temperaturesTd and Tg in the field-effect
transistor (FET) temperature noise model. The method is related
to nodal analysis of circuits.Td and Tg are extracted from the
small-signal model parameters and the noise parameters of the
device. It is also theoretically shown that there exist source
admittances that cancel the thermal noise contribution at the
output from either Td or Tg in the model. Finally, a commercially
available GaAs pseudomorphic high electron-mobility transis-
tor (pHEMT) is measured and modeled for a wide range of
bias points. Comparisons between measured and modeled noise
parameters are presented in the 2–26-GHz frequency range.

Index Terms—FET noise model, nodal analysis, noise-model
extraction, source balance admittance.

I. INTRODUCTION

T HE field-effect transistor (FET) temperature noise model,
first proposed in 1988 by Pospieszalski [1]–[2], has

been widely accepted as an easy-to-use and powerful FET
noise model. Pospieszalski showed that the high-frequency
noise from FET chips can be modeled as thermal noise in
a small-signal equivalent circuit. Depending on the device
characteristics and application, the model is either used as
a single-parameter , two-parameter ( , ), or three-
parameter ( , , ) model [1]–[5]. In the single-parameter
model, the associated gate noise temperatureis set to
the ambient temperature. Since is typically a very weak
function of the drain current, this model is sufficient for
applications at low or medium–high drain currents [6]. The
three-parameter model is intended for analysis of devices
that suffer from significant gate–current leakage. In this case,
the parameter is the associated noise temperature of an
additional intrinsic gate–source resistor that accounts for the
gate–current leakage in the Schottky contact. However, for de-
vices with a nonleaky gate contact, the original two-parameter
model is adequate at both cryogenic and room temperatures
[1], [2].
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Associated with every model, there should always be an
extraction procedure to obtain the parameter values. A dis-
advantage of many models is the lack of a rational ex-
traction method. Compared with the field of small-signal
model extraction, the field of noise-model extraction is less
developed. In discussing noise models, the extraction proce-
dure is often simply explained as “matrix operations.” This
explanation is often coupled with a reference to the general
theory of correlation matrices by Hillbrand and Russer [7].
Consequently, all essential details needed in the extraction of
the parameter values are omitted. Most users prefer explicit
extraction formulas, which can be applied directly. Recently,
a straightforward extraction formula was presented for use
in direct extractions of the single-parameter FET temperature
noise model [8]. However, direct extraction formulas for the
two-parameter model have never been reported.

In this paper, a new parameter-extraction method is pro-
posed for the two-parameter FET temperature noise model.
The model parameters are extracted from measured noise pa-
rameters and the element values in the small-signal equivalent
circuit. Also, the concept of source-admittance balance in the
FET temperature noise model is introduced. Finally, measured
and modeled noise parameters are compared for a commer-
cially available GaAs pseudomorphic high electron-mobility
transistor (pHEMT) in the 2–26-GHz frequency range.

II. THE EXTRACTION METHOD

Basically, there are two methods for directly calculating the
two parameters in the FET temperature noise model. First, the
parameters can be calculated from noise figures measured at
two different frequencies, using the same source admittance.
However, sensitivity problems occur if the selected frequencies
are too close to one another. Measurement errors then domi-
nate the actual difference in the measured noise figures. Again,
choosing these frequencies far apart complicates studies of the
frequency dependence in the model parameters. On the other
hand, no source tuner is needed in the measurement setup.
The second approach is to calculate the parameters from noise
figures measured for two different source admittances, with the
frequency held constant. The major drawback with this method
is the need of a source tuner. However, commercial noise-
parameter test sets used for noise characterizations always
include a source tuner. Consequently, if a source tuner is
available, the latter method is superior since it is less sensitive
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Fig. 1. The broad-band small-signal equivalent circuit used in the FET temperature noise model, together with the external source and load admittances.
The node numbers used in this paper are encircled.

to measurement errors. Therefore, this latter method was
selected in this paper.

A. Arbitrary Selections of Source Admittances

The broad-band small-signal equivalent circuit used for the
FET chip is shown in Fig. 1. The encircled numbers (1–9) are
the node numbers used in this paper. According to (8), in [8]
the noise figure of this FET model can be written as

(1)

where is the source admittance

(2)

(3)

(4)

is the ambient temperature, and are elements of the
nodal impedance matrix. The source temperatureis the
standard noise temperature (290 K) defined in [9]. Further-
more, the nodal impedance matrix for this circuit is given
by

(5)

and (6), shown at the bottom of this page. All other admittance
matrix elements are identical and zero.

Note that the noise figure of this circuit is, by definition,
independent of , , and . Thus, node 6 can be used as
the output node in the analysis.

In this paper, we assume that the noise parameters are
available. Consequently, the device noise figure can be cal-
culated for a given source admittance. A system of two linear
equations is obtained from (1) if noise figures for two different
source admittances are calculated. That is,

(7)

(6)
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(a)

(b)

Fig. 2. Graphical representations of (7) and (8) for two different selections
of Ys1 andYs2. (a) Selection I. (b) Selection II.

and

(8)

Finally, the solution to this system of linear equations gives
the associated noise temperaturesand .

B. Balanced Selections of Source Admittances

The accuracy of the extracted and is ultimately
determined by the accuracy in the measurements. However,
it is important to note that the selection of the two source
admittances and affect the sensitivity to measurement
errors in the extraction. In Fig. 2, (7) and (8) are presented
graphically for two different selections of and . The
measurement error, here represented as an uncertainty in the
noise figure, implies linear zones rather than linear lines for
the dependence. If (the intercept angle between the
linear zones) is increased, the accuracy in the estimation of

and is increased, as shown in Fig. 2(b). A practical
condition for selecting and is the following: one zone
is parallel to the axis and the other is parallel to the
axis. Since the axes are orthogonal,and can be extracted
independently. According to (1), this selection corresponds to
one source admittance satisfying

(9)

and the other satisfying

(10)

However, (3) and (4) give

(11)

The elements of the nodal impedance matrixare given
by the cofactor method and (5) as

(12)

where is the submatrix formed by deleting theth row
and th column of .

According to (6) and the fact that the determinant is a
multilinear function, the minors of in (12) can be written as

(13)

where is the submatrix formed by first deleting the
th row and the th column of and then deleting theth row

and the th column of the remaining matrix. By combining
(11)–(13), one gets

(14)

and

(15)

Note that when the source admittance is equal to the
model noise figure is independent of. Similarly, the noise
figure is independent of if the source admittance equals

. The explanation for this independence is that these source
admittances balance the equivalent circuit at the output (so that
the thermal noise generated by eitheror is canceled).

Finally, the associated noise temperaturesand are
given by (1), (14), and (15) as

(16)

and

(17)

Consequently, and can be extracted separately if the
source balance admittances and are known.
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TABLE I
EXTRACTED SMALL- SIGNAL MODEL PARAMETERS FOR THENE 32500 pHEMT. PARASITICS:Cpg = Cpd = 11:6 fF,
Lg = 49:1 pH, Ls = 2:5 pH, Ld = 39:5 pH, Rg = 0:5 
, Rs = 1:9 
, Rd = 2:9 
. (Ids; sat = 90 mA)

Fig. 3. Measured (
) and modeled (—)S-parameters for the NEC device
in the 2–26-GHz frequency range atVds = 2:0 V and Ids = 55 mA. The
S21 andS12 radii are 6.0 and 0.2, respectively. The model parameters are
listed in Table I.

III. EXPERIMENTAL RESULTS

A commercially available low-noise GaAs pHEMT (NEC
NE 32500) was measured on-wafer using an ATN NP5B wafer
probe noise-parameter test set. Noise parameters as well as-
parameters were measured in the 2–26-GHz frequency range.
The direct extraction method presented in [10] and [11] was
used for the extraction of the small-signal model parameters.
The results obtained for the NE 32500 chip are listed in
Table I. In Fig. 3, measured and modeled-parameters are
compared at V and mA.

Fig. 4. Calculated source balance admittancesYsg and Ysd for the NEC
device in the 2–26-GHz frequency range atVds = 2:0 V and Ids = 55 mA.
The model parameters are listed in Table I.

Equations (14) and (15) were then used for the calculation
of the source balance admittances and . The results are
presented in Fig. 4. Thereafter, the corresponding noise figures

and were calculated from the measured noise
parameters. The associated noise temperaturesand were
then finally calculated using (16) and (17). For comparison,
the single-parameter model was also extracted. In this model,

is set to the ambient temperature. The drain temperature
was extracted directly from 50- noise figures calculated

from the measured noise parameters. In Fig. 5, the extracted
noise temperatures are presented in the 2–26-GHz frequency
range at V and mA. It is clear that
is significantly higher than the ambient temperature at this
bias. Furthermore, in Fig. 6, the extracted noise temperatures
are presented as a function of drain current. A dashed line
is added at the 290-K level. The results show thatequals
the ambient temperature at drain currents lower than 20 mA.
For comparisons between and , one should keep in



GARCIA et al.: EXTRACTION METHOD FOR TWO-PARAMETER FET TEMPERATURE NOISE MODEL 1683

Fig. 5. Extracted gate and drain noise temperaturesTg and Td versus
frequency for the NEC device atVds = 2:0 V and Ids = 55 mA. The
single-parameter model(Tg = Ta): T

(1)
d

, and the two-parameter model:

T
(2)
g andT (2)

d
. The dashed lines represent the mean values.Ta = 290 K.

Fig. 6. Extracted gate and drain noise temperaturesTg andTd versus drain
current for the NEC device atVds = 2:0 V. The single-parameter model
(Tg = Ta): T

(1)
d

, and the two-parameter model:T (2)
g andT (2)

d
. Ta = 290

K.

mind that is extracted here from the 50-noise figure,
while is extracted from the noise figure at the source
balance admittance . Comparisons between measured and
modeled (using the straightforward method recently proposed
in [12]) noise parameters at V and mA
are presented in Figs. 7 and 8. It is seen that at this high drain
current bias ( ) the two-parameter formulation
is superior.

Finally, if and are to be calculated at source admit-
tances other than and , it is important to pay attention
to the intercept angle between the noise figure lines in
the – plane (see Fig. 2). A small angle means that the
extraction is very sensitive to measurement errors. The system
admittance—20 mS—is often easy to realize in a measurement
system. Consequently, from an experimental point of view,
it can be interesting to use the system admittance as one

Fig. 7. Minimum noise figureFmin and noise resistanceRn versus fre-
quency for the NEC device atVds = 2:0 V and Ids = 55 mA. Measured
data (—). Single-parameter model (– –):Td = 5990 K andTg = Ta = 290
K. Two-parameter model(��): Td = 5530 K andTg = 650 K.Ta = 290 K.

(a)

(b)

Fig. 8. Measured(
) and modeled (—) optimal source reflection coefficient
�opt for the NEC device in the 2–26-GHz frequency range atVds = 2:0 V
and Ids = 55 mA. (a) Single-parameter model:Td = 5990 K and
Tg = Ta = 290 K. (b) Two-parameter model:Td = 5530 K and
Tg = 650 K. Ta = 290 K.

of the two source admittances. The task is then to select
the second admittance properly. In Fig. 9, the intercept angle
is presented as a function of this second source admittance
at V and mA. It can be seen that for
low frequencies, only source admittances close to zero, i.e.,
open circuit, yield reasonable intercept angles [see Fig. 9(a)].
However, for higher frequencies, the area with acceptable
intercept angles is significantly larger [see Fig. 9(b)]. Note that
there is a valley close to at which the intercept angles
are very small.
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(a)

(b)

Fig. 9. The intercept angle� whenYs1 = 20 mS for the NEC device as
a function ofYs2. Vds = 2:0 V and Ids = 55 mA. A cross is used as
a cursor for�opt. Contours are shown for every 10� between 0�–90�. (a)
Frequency= 2 GHz. (b) Frequency= 10 GHz.

IV. DISCUSSION AND CONCLUSIONS

Direct extraction formulas for the calculation of the asso-
ciated noise temperatures and in the FET temperature
noise model have been reported. The formulas were derived
for a broad-band small-signal equivalent circuit. As a result,
the noise model is fully compatible with high-frequency small-
signal FET models. The associated noise temperatures were
calculated from the noise parameters and the element values
in the small-signal equivalent circuit. To avoid high sensitivity
to measurement errors, the two source balance admittances
were used for the extraction of and . In this paper, the
source balance admittances were only used in a computational
procedure, together with the measured noise parameters. An
alternative approach could be to extractand from noise
figures actually measured at the source balance admittances.
However, a problem with this method is that our experimental
results show that the extracted small-signal model yields a

source balance admittance with a negative real part (see
Fig. 4). As a result, the extraction of using (17) becomes
difficult. Another possibility is to extract and from noise
figures measured at source admittances other thanand .
For example, a set of the measured noise figures used by the
noise test set for the calculation of the noise parameters can,
for example, be used. However, access to these intermediate
parameters can be restricted by the noise test-set software.
The difficulty with this type of extraction is probably the
selection of source admittances. Sensitivity problems occur if
the intercept angle between the noise figure lines in the–
plane is too small. For the case with the system admittance
(20 mS) as one of the source admittances, it was shown that
it can be difficult to tune for an admittance that corresponds
to a large intercept angle.

Finally, the presented method was demonstrated on a com-
mercially available GaAs pHEMT in the 2–26-GHz frequency
range. The extracted noise models did compare well with the
measured noise parameters. It should be pointed out that the
proposed extraction procedure may run into computational
problems at low frequencies. The reason for this is simply that
it is numerically difficult to compute the impedance matrix
at low frequencies for the equivalent circuit used in this
paper. However, this is normally not a problem since the
temperature noise model is only valid for frequencies where
the flicker noise ( noise) can be neglected. A study of
the drain current dependence in the model parameters was
also performed. It was shown that the associated gate noise
temperature was significantly higher than the ambient
temperature at relatively high drain currents. A comparison
between the single-parameter model (where was set to
the ambient temperature and was extracted from the 50-

noise figure) and the two-parameter model also showed that
at high drain currents, the best agreement with measured noise
parameters was obtained with the two-parameter model.
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