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Automated extraction of device noise
parameters based on multi-frequency,
source-pull data

sergio colangeli, walter ciccognani, mirko palomba and ernesto limiti

In this paper a novel approach for determining the four noise parameters of FET devices over frequency is presented. Such
methodology is made of two parts: the first one allows to straightforwardly extract single-frequency noise parameters from
source-pull data; the second one extends this capability to multi-frequency, source-pull data to obtain a full description of
device noise behavior over frequency by means of at most 10 constant parameters (depending on the required accuracy).
The whole process is automated via a software routine and does not need a previous knowledge of the FET equivalent circuit’s
topology, or the values of its elements. This peculiarity makes the proposed method very well suited to quick characterization
campaigns of active devices, avoiding the burden of a whole set of prior, different measurements and the relevant, critical
extraction procedures, which are strongly dependent on the device.
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I . I N T R O D U C T I O N

It is well known that the overall sensitivity of almost any
receiving chain is largely determined by the noise and gain
performance of the first amplifying stage. For this reason a
great effort is being spent by foundries and research groups,
aiming at optimizing technological processes and seeking
novel, sophisticated design methodologies [1]. On the other
hand, for low-noise designs to be reliable, an accurate determi-
nation of active device noise parameters is a key step, therefore
many approaches can be found in the open literature to
extract the noise parameters of FETs.

Several works [2–5] describe the noise behavior of
the active channel through a small-signal equivalent circuit
and frequency-independent parameters. In particular,
Pospieszalski [4] (also verified by Tasker [5]) models the
noise of the active channel utilizing thermal equivalent noise
sources, assigned to the equivalent circuit resistors: such
approach leads to the extraction of two (or one) unknown
equivalent temperatures based on noise figure measurements
of the device (typically input terminated on the Noise
Source) over a broad frequency range. An accurate knowledge
of all the equivalent circuit elements is however needed.
Dambrine [6] proposes an extraction procedure making use
of an extrinsic device and two frequency-independent external
equivalent noise temperatures to reduce the number of the

parasitic elements required for the determination of the FET
noise parameters to three (instead of – at least – eight). De
Dominicis [7] proposes a method utilizing the Y-parameters
of the device and two frequency-independent equivalent
noise temperatures, not requiring therefore any information
concerning the equivalent circuit of the device, resulting in a
model that is effective in the frequency range where the elec-
trical effects of the parasitic elements are negligible. Serino [8]
obtains the noise model of the FET by using the small signal
H-parameters of the device and defining two frequency-
dependent equivalent noise temperatures (three constant par-
ameters to be determined): also this approach only requires
S-parameters and F50 measurements only but its validity
holds up to 80% of the device fmax.

As can be noted, the target application of the above
methods is to noise data where the DUT input termination
is fixed, or in any case cannot be arbitrarily tuned. When
such a possibility does exist – as is the case of automated
noise test benches such as that proposed by the authors
in a previous work [9] – a Source-Pull-based extraction
method can be adopted. In the latter case, the characteriz-
ation is obviously not restricted to active devices only.
Following the algorithm proposed by Lane [10], a mathemat-
ical transformation can be performed from the usual noise
parameters (Fmin, Rn, and Gopt) to four factitious parameters
(A, B, C and D), which allows to express the noise factor
as a linear function of such new unknowns and, eventually,
to solve for them via a simple matrix inversion (or
pseudo-inversion, in case of an over-dimensioned system).
This method must be applied at each frequency by measur-
ing the noise factor for at least four different input
terminations.
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In this work a novel extraction technique is presented
which is featured by the following peculiarities: first, it can
be shown to be mathematically equivalent, at single frequency,
to Lane’s algorithm and, second, it can be easily extended in
order to be applied to multi-frequency, Source-Pull noise
data. This technique assumes a polynomial model for the
FET’s noise correlation terms, which can be verified to be
valid for a broad frequency range and for a variety of different
devices, irrespective of the peculiarities of their equivalent
circuit: in fact, the equivalent circuit’s topology and elements
do not even need to be known.

The single-frequency extraction method is discussed in
Section II, while the polynomial model and the multi-
frequency technique are the subject of Section III. Finally, in
Section IV a real example of noise extraction is reported and
discussed.

I I . I T E R A T E D S I N G L E - F R E Q U E N C Y
E X T R A C T I O N S

In established theory of linear noisy networks (see for instance
[11]), two-ports can be represented at a given frequency as in
Fig. 1(a), where [S] is the two-port scattering matrix and [C] is
its noise correlation matrix. It can be shown that the noise
properties of the two-port can be de-embedded so as to
obtain an equivalent representation, as in Fig. 1(b). The
relationship between the noise sources en and in in Fig. 1(b)
and the correlation matrix (here considered in “ABCD”
form) is as follows:

C = c11 c12

c21 c22

[ ]
= c11 c12

c∗12 c22

[ ]
= ene∗n eni∗n

e∗nin ini∗n

[ ]
(1)

where the bar indicates the mean value and the star indicates
the complex conjugate. Furthermore, the correlation par-
ameters can be linked to classic noise parameters by the fol-
lowing equations:

Rn = c11

4kBBT0
= ĉ11

Yg = c∗12

c11
= ĉ∗12

ĉ11

Gu =
c22 − c11 · Yg

∣∣ ∣∣2

4kBBT0
= ĉ22 − ĉ11 · Yg

∣∣ ∣∣2

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(2)

where the cap represents the normalization on 4kBBT0, kB

being Boltzmann’s constant, B the bandwidth and T0 ¼

290 K the standard noise temperature. By means of these par-
ameters, the two-port noise factor can be expressed as a func-
tion of the source admittance YS ¼ GS + jBS:

F YS( ) = 1 +
Gu + Rn · YS − Yg

∣∣ ∣∣2

GS
(3)

Note that all representations of the two-port noise proper-
ties are equivalent and account for four real parameters (two
real numbers and a complex one in the case of (1) and of
(2)). The “Source-Pull” technique applied to noise character-
ization allows extracting such parameters at a given frequency
by means of at least four measurements of noise factor, each
on a different input termination. In order to avoid an ill-

conditioned system of equations and to reduce extraction
uncertainties, a much higher number of measurements are
usually taken in practice, and a least-squares minimization
is then performed on an over-dimensioned system.

However, a direct application of a least-squares algorithm
on a nonlinear function of the unknowns, as is (3), may
result in multiple and/or unphysical solutions, unless a good
initial guess is provided. Various solutions have been pro-
posed to this problem (see for instance [12]), but the most
used is that introduced by Lane [10]: his work starts from
an alternative expression of F as a nonlinear function of
Fmin, Rn, and Yopt:

F YS( ) = Fmin +
Rn

GS
YS − Yopt

∣∣ ∣∣2
(4)

where:

Rn = ĉ11

Yopt = Gopt + jBopt =
																	
ĉ11ĉ22 − ℑ ĉ12{ }2

√
ĉ11

+ j
ℑ ĉ12{ }

ĉ11

Fmin = 1 + 2< ĉ12{ } + 2
																	
ĉ11ĉ22 − ℑ ĉ12{ }2

√
= 1 + 2< ĉ12{ } + 2RnGopt

.

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

(5)

which is then transformed into a linear function of four new,
factitious unknowns A, B, C and D:

F YS( ) = A + B · GS +
B2

S

GS

( )
+ C · 1

GS
+ D · BS

GS
(6)

These parameters, which must not be confused with the
terms of the transmission (ABCD) matrix, are related to the
conventional noise parameters through the following
relationships:

Fmin = A +
											
4BC − D2

√

Rn = B

Gopt = < Yopt
{ }

=
											
4BC − D2

√

2B

Bopt = ℑ Yopt
{ }

= −D
2B

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

(7)

Since F(YS) is linear with respect to A, B, C and D, a
least-squares algorithm can now easily be implemented, poss-
ibly after defining a suitable error function, Wi. Indeed, by
explicitly computing and then setting to zero the partial
derivatives of the error function with respect to the four
unknowns, it is possible to build a non-singular linear
system of equations [10].

Alternatively, we propose to take advantage of the sophis-
ticated, built-in capabilities of modern computation environ-
ments (such as MATLABw) and simply solve for the four

Fig. 1. Representations of a linear, noisy two-port (a) and its equivalent circuit
with external noise sources (b).
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unknowns by pseudo-inverting an over-determined linear
system, which can be expressed in matrix form as follows:

F YS,1
( )

F YS,2
( )
..
.

F YS,n
( )

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦ =

1 GS,1 +
B2

S,1

GS,1

1
GS,1

BS,1

GS,1

1 GS,2 +
B2

S,2

GS,2

1
GS,2

BS,2

GS,2

..

. ..
. ..

. ..
.

1 GS,n +
B2

S,n

GS,n

1
GS,n

BS,n

GS,n

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
·

A
B
C
D

⎡
⎢⎢⎣

⎤
⎥⎥⎦ (8)

where measurements are numbered from 1 to n. The number
of measurements, n, should be adequate to the uncertainty
estimated for the particular setup and in no case can be less
than 4: for an analysis of the role of the number and pattern
of measurement source impedances on the final accuracy,
refer for instance to [13].

In the present work we will show that an approach similar
to Lane’s can be adopted, which relies only on classic, physical
parameters, i.e. the correlation matrix elements. To demon-
strate this, it is sufficient to substitute (2) in (3), which yields:

F YS( ) = 1 +
Gu + Rn · YS − Yg

∣∣ ∣∣2

GS
=

= 1 +
ĉ22 − ĉ11 · Yg

∣∣ ∣∣2+ĉ11 · YS − Yg

∣∣ ∣∣2

GS
=

= 1 +
ĉ22 − ĉ11 · Yg

∣∣ ∣∣2+ĉ11 · YS| |2+2< YS · Y∗
g

{ }
+ Yg

∣∣ ∣∣2
( )

GS

= 1 + ĉ22 + ĉ11 · YS| |2+2< YS · ĉ12{ }
GS

(9)

This equation can be rearranged so as to leave in the right-
hand member only the four unknowns with their coefficients:

F YS( ) − 1( ) · GS = YS| |2·ĉ11 + 2GS · < ĉ12{ } − 2BS

· ℑ ĉ12{ } + ĉ22 (10)

where the left-hand side is clearly linear with respect to ĉ11,
< ĉ12{ }, ℑ ĉ12{ } and ĉ22. Therefore, also in this case we can
readily set up an over-dimensioned system of linear equations
in matrix form:
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( )

− 1
( )
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( )
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.
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( )
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⎡
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⎤
⎥⎥⎥⎥⎦ =

YS,1

∣∣ ∣∣2
2GS,1 −2BS,1 1

YS,2

∣∣ ∣∣2
2GS,2 −2BS,2 1

..

. ..
. ..

. ..
.

YS,n

∣∣ ∣∣2
2GS,n −2BS,n 1

⎡
⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎦

·

ĉ11

< ĉ12{ }
ℑ ĉ12{ }

ĉ22

⎡
⎢⎢⎢⎣

⎤
⎥⎥⎥⎦ (11)

and immediately solve for ĉ11, < ĉ12{ }, ℑ ĉ12{ } and ĉ22 by means
of a pseudo-inversion.

It can be shown that (10) is equivalent to (6). To this end,
an expression of Lane’s parameters in terms of standard noise

parameters must previously be derived:

A = 1 + 2RnGg

B = Rn

C = Gu + Yg

∣∣ ∣∣2
Rn

D = 2RnBg

⎧⎪⎪⎨
⎪⎪⎩ (12)

Hence substituting (12) in (6) leads after some math to:

F YS( ) − 1( ) · GS = Rn YS| |2 + 2RnGgGS + 2RnBgBS

+ Rn Yg

∣∣ ∣∣2 + Gu

(13)

which exactly matches (10) since the following identities hold:

Rn = ĉ11

RnGg = < ĉ12{ }
RnBg = ℑ ĉ12{ }
Rn Yg

∣∣ ∣∣2+Gu = ĉ22

⎧⎪⎪⎨
⎪⎪⎩ (14)

However, it should be stressed, the mathematical equival-
ence between (10) and (6) does not guarantee that Lane’s
algorithm and the proposed one give the same results when
applied to real-world data, which indeed are affected by
measurement errors: in this case the two methods may not
fully agree – sometimes one or both may even yield unphysical
results. For this reason, it is advisable to apply both methods
to the data collected in measurement campaigns, in the best
case to validate one with the other, otherwise to try and get
at least one set of physical parameters.

With regard to the issue of measurement errors, it was
mentioned earlier that a straightforward way of minimizing
their effect is to take a number of measurements greater
than the number of unknowns, that is n . 4. Another good
practice, when applicable, consists in weighting each row of
the linear system, based on the reliability of the relevant
measurement: of course, the evaluation of a weighting func-
tion, Wi, depends on specific factors and can not always be
determined. However, when a proper knowledge of the
measuring set-up is available and Wi can be devised, it can
be taken into account as a multiplicative factor of each i-th
system row in (8) or (11). Ideally, if the negative effects of
poorly accurate measurements are efficiently reduced by
weighting, any extraction method such as Lane’s or the pro-
posed one is expected to lead to similar results.

I I I . M U L T I - F R E Q U E N C Y
E X T R A C T I O N

It is empirically found that, for a typical high-frequency active
device, the four terms of the correlation matrix can be easily
fitted by Taylor polynomials of (at most) the third degree,
over a frequency band at least up to fmax (provided non-white
noise generation mechanisms are neglected):

ĉ11 = +a0 +a1f +a2f 2 +a3f 3

< ĉ12{ } = +b0 +b1f +b2f 2 +b3f 3

ℑ ĉ12{ } = +g0 +g1f +g2f 2 +g2f 3

ĉ22 = +d0 +d1f +d2f 2 +d3f 3

(15)

where f is the frequency. As an example, in Fig. 2 the
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correlation matrix of an ideal FET (whose parameters are
based on equivalent circuit extractions [14]) are plotted: the
computed behavior (continuous trace) is excellently fitted by
third-degree polynomials (circle markers) well beyond fmax,
which equals 58 GHz for the considered FET device. Rather
than to fmax, however, it is sounder to relate the range of val-
idity of this polynomial fitting to fn, which denotes in this
work the positive frequency at which the optimum source ter-
mination, Yopt, crosses the real axis. From (5), we see that fn

can be found as the frequency at which ℑ ĉ12{ }, which is zero
for f ¼ 0 and negative for low frequencies, becomes zero again.

Since the parameters of the correlation matrix could be
explicitly computed as functions of the device’s small-signal
equivalent circuit and of its frequency-independent noise
temperatures [8], one may try and exploit such closed-form
expressions to show that, typically, not all 16 Taylor coeffi-
cients are significant. However, this approach would imply
unmanageable formulae, requiring sophisticated symbolic
math programs to be successfully undertaken.

Instead of relying on such tools, we will demonstrate how
the same results can be attained starting from the following
low-frequency relationships, which should be quite familiar
to the reader (anyway, they can be easily verified empirically
for a typical FET):

Fmin|f≃0 ≃ 1 + kFmin f , kFmin . 0 (16)

Gopt

∣∣
f≃0 ≃ kGopt f , kGopt =

Fmin − 1
2Rn

. 0 (17)

Bopt

∣∣
f=0 ≃ kBopt f , kBopt , 0 (18)

Rn|f≃0 ≃ Rn,0 (19)

In particular, using (16)–(19) together at f ¼ 0 yields:

< ĉ12{ }|f=0 = ℑ ĉ12{ }|f=0 = ĉ22|f=0 = 0, ĉ11|f=0 = Rn,0 . 0

(20)

Equations (19) and (20) allow us to null b0, g0, d0 and a1 in
(15).

Analogously, comparing (17) to (5) for small frequencies
implies that < ĉ12{ } and its derivative are zero when computed
at f ¼ 0, therefore b1 also should be set to zero. On the con-
trary, g1 cannot be zeroed, since from (5) and (18) it is
found to be strictly negative for typical devices: this is also
confirmed by studying the low-frequency behavior of the
noise factor on a constant termination, which from (9) is
linear with slope 22g1(BS/GS). As to g2, this coefficient is
expected from (5) to be positive if we simplify the model by
neglecting g3: this relates to the fact that Bopt approaches
zero after a range of frequencies over which it is negative.

Finally, if we express Gopt as a function of the coefficients
a0, a1 . . . d3 and neglect, inside the radix, the terms with a
degree higher than 2, we obtain

Gopt

∣∣
f≃0 ≃ 1

a0

																									
a0d1f + a0d2 − g2

1

( )
f 2

√

=
											
a0d2 − g2

1

√
a0

f (21)

where d1 is zeroed to preserve the validity of (17).
As a by-product of equation (21), we get that d2 . 0, since

a0 and g1
2 are obviously positive. The condition a0 . 0,

together with a2 , 0 and a3 . 0, is the immediate conse-
quence of the behavior versus frequency of ĉ11 . 0 – more
precisely, by exploiting the fact that a1 ¼ 0, we can derive
the following relationship among the coefficients ai:

Fig. 2. Elements of the noise correlation matrix of a GaN HEMT over frequency.
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a2| |
a3

,

								
a0

2a3
( )2

3

√
+

				
2a0

a3

3

√
. Furthermore, since ĉ22 . 0 and

d0 ¼ d1 ¼ 0, we can also state that d2 . 0, d3 ≥ − d3

fn
, where

we are assuming that the model is valid at least up to fn.
All the previous inequalities can be used to test the mean-

ingfulness of an extraction (it would be difficult to embed
them in the extraction itself). As to the terms that we
showed to be null, on the other hand, we can cancel them
out from (15), thus obtaining the following 10-coefficient
model:

ĉ11 = +a0 +a2f 2 +a3f 3

< ĉ12{ } = +b2f 2 +b3f 3

ℑ ĉ12{ } = +g1f +g2f 2 +g3f 3

ĉ22 = +d2f 2 +d3f 3 (22)

where terms b3f 3, g3f 3 and d3f 3 allow to refine the fitting,
but could be neglected in many cases. Furthermore, in some
practical cases (see Section IV) other simplifications are
possible.

It is worthwhile noting that the polynomial representations
introduced in this Section are particularly well suited to well-
behaving active devices, but cannot be used to model any
generic two-port. The most clear case demonstrating this, is
that of a chain of a transmission line (or any distributed
network) and a FET: the line will introduce periodic effects
in the overall noise resistance and optimum noise match,
thus preventing one from exploiting model (15) and its sim-
plified versions.

Two possibilities now arise as far as the determination of
such coefficients is concerned:

(a) treating each of them as a fitting parameter of the relevant
ĉij term;

(b) substituting (22) in (11), so as to obtain a new system of
the same form but in the unknowns a0, a2 . . . d3. The
vector of constants will remain unchanged, while the
characteristic matrix rows and the vector of unknowns
will grow in dimension. The i-th equation will appear as
follows:

F YS,i
( )

− 1
( )

· GS,i =

YS,i

∣∣ ∣∣2·
1

f 2

f 3

⎡
⎢⎣

⎤
⎥⎦

T

2GS,i ·
f 2

f 3

[ ]T

−2BS,i ·
f

f 2

f 3

⎡
⎢⎣

⎤
⎥⎦

T

f 2

f 3

[ ]T

⎡
⎢⎣

⎤
⎥⎦

·

a0

a2

a3

b2

b3

g1

g2

g3

d2

d3

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(23)

Notice that a model as simple as that in (22) would be dif-
ficult to justify if one attempted a direct approximation of
Lane’s parameters, since their relationships to classic noise
parameters are less familiar than those of the correlation
matrix terms. Therefore, although it is maybe feasible to
extend approach (b) directly to Lane’s parameters, this
would require a specific work, which was not addressed by
the authors. However, one may use Lane’s algorithm to deter-
mine the classical noise parameters, then compute the ĉij

terms and finally apply approach (a).
Method (a) is based on a previous extraction of each ĉij

term versus measurement frequencies by repeatedly applying
(11): as a consequence, the determination of the correlation
matrix is independent for every frequency, and the subsequent
fitting process is independent for each ĉij term. On the con-
trary, approach (b) is expected to be somewhat more robust
since all unknowns are computed through one single-step
extraction: in other words, measurements at a given frequency
influence the resulting model at every frequency, thus contri-
buting to under-weight possible outliers. However, both
methods are feasible and typically lead to good results even
when applied to measurements affected by random errors.

A thoroughly analysis of the robustness of the proposed
methodologies to measurement errors is beyond the scope
of this work. Not only would such an analysis be very
complex, due to the inherent complexity of the algorithms
under consideration, but it would also depend on a large
number of parameters, such as the frequency sweep used,
the source pattern, the DUT’s behavior, the errors made in
characterizing the blocks along the measurement and cali-
bration paths, the errors in noise readings. Besides the difficul-
ties related to managing this mass of input quantities in a
comprehensive, meaningful way, the risk arises of losing the
focus on the proposed methodologies and centering the atten-
tion, instead, on the features of the particular setup.

Therefore, only a simplified case will be discussed, based on
simulated data, to give the reader a feel of the numbers
involved. In particular, all sources of error will be merged so
that a single, random value, with zero mean and uniformly
distributed in an interval of width DNF [dB], can be added
to each noise figure measurement – irrespective of frequency
and source state. This choice allows, at least approximately, to
disregard the characteristics of the specific test bench.
Moreover, a frequency sweep from 5.1 to 20.1 GHz, step
1 GHz, will be assumed to fix ideas, as well as a 30-point
pattern of source reflection coefficients, with magnitudes of
0.2, 0.4 and 0.6, and angles spaced of 368.

The left side of Fig. 3 shows a typical example of noise par-
ameters extraction following the single-frequency method and
approaches (a) and (b) – denoted by round, “times” and tri-
angle markers, respectively – for different values of DNF,
from 0 to 1 dB. It is readily noted that single-frequency extrac-
tions exhibit an irregular behavior also for low values of DNF,
as opposed to multi-frequency approaches, which accurately
replicate the true parameters for values of DNF below
0.75 dB. In particular, approach (b) yields accurate values of
all noise parameters also for low frequencies, outside the
measurement bandwidth, while approach (a) is not as
correct on noise resistance.

A more quantitative comparison is reported on the right
side of Fig. 3, which shows maximum percent errors of the
extracted parameters (computed as (xmeas/xtrue 2 1) × 100
for the generic parameter x) versus DNF in the measurement

automated extraction of device noise parameters 67

https://doi.org/10.1017/S1759078713000822 Published online by Cambridge University Press

https://doi.org/10.1017/S1759078713000822


band. The best results of the multi-frequency approaches
concern the minimum noise figure and the optimum noise
match, both in modulus and in phase. Notice that for some
low frequencies (at which the device noise figure is also low,
and therefore the percentage of states yielding unphysical
measurements is high), the single-frequency approach fails
completely, returning estimates of Gopt lying on the edge of
the Smith Chart. On the contrary, the multi-frequency
approaches show a significant immunity to these bad
measurements, represented by the presence of a great
number of other measurements.

The robustness of the multi-frequency algorithms was also
tested against the pattern of source states. An example of
extraction based on a 10-point pattern (magnitudes of 0.3
and 0.6, angles of 08, 728, . . . 2888) is shown in Fig. 4. As
expected, significantly larger errors are obtained in this case
by the proposed multi-frequency algorithms in comparison
to the 30-point pattern, but only for values of DNF above
0.5 dB.

In conclusion, although a more comprehensive study on
the robustness of the proposed approaches to measurement
errors is certainly desirable, we may already state that they
outperform the plain reiteration of single-frequency extrac-
tions, even if followed by data fitting. Indeed, when measure-
ment errors increase, the latter solution may become
impractical, because single-frequency extractions may be so
scattered that a clear pattern to be fitted cannot be identified

(see for instance the magnitude of the optimum noise match
in Figs 3 and 4).

I V . E X P E R I M E N T A L R E S U L T S

In Section III a model was described which allows to describe
the noise behavior of a high-frequency active device over a
broad frequency range by means of 10 constant coefficients
only. It was also anticipated that in some cases even simpler
models are possible: in particular a good approximation can
often be achieved neglecting coefficients b2 and b3, since the
imaginary part of ĉ12 is typically predominant on the real
part and g3, whose contribution does not typically play a sig-
nificant role if not at high frequencies.

The 7-coefficient model thus obtained was used on devices
from a well established, commercial GaAs technology, namely
OMMIC ED02AH, featured by 0.18 mm gate length and both
enhancement and depletion HEMTs. In order to obtain con-
sistent data, two depletion-mode devices were measured with
the same number of fingers (4 × 30 and 4 × 50 mm) and at
the same bias point (20.1 V VGS, 1 V VDS). Small-signal
characterization of the devices was performed on wafer
through a probe-tip SOLT calibration.

These devices were characterized by means of a
Source-Pull test bench described in [9, 15]. The architecture
of the test bench, as illustrated in Fig. 5, comprises two

Fig. 3. Effect of measurement errors on noise parameter extraction for an ideal HEMT, with a 30-state pattern. Left side: example of extraction using the proposed
methodologies for zero-mean measurement errors uniformly distributed in a range DNF [dB]. Right side: maximum percent errors versus DNF [dB]. 2 Ideal
terms. W Single-frequency extractions. 3 Approach (a)’s results. △ Approach (b)’s results.
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electromechanical tuners and a complex RF switch matrix
managing the signal paths during each measurement step.
Although this bench is connectorized to operate up to
40 GHz (K connectors), it is currently limited in practice to
about 20 GHz by the features of the input tuner (Focus
Microwaves CCMT-1808) and of the receiver’s low-noise pre-
amplifiers. The authors are also working to improve accuracy
by eliminating the VNA reference planes and adding other

reference planes at the external sections of the tuning
blocks; moreover, the control routine of the output tuner is
going to be refined, in order to guarantee better matching at
the receiver’s input section.

Extractions were performed on the 4 × 30 and 4 × 50 mm
HEMTs, setting a 61-point source pattern, made up of the
origin of the Smith Chart, plus a double sweep on magnitude
(0.15–0.75 by 0.15) and phase (30–3608 by 308). The results

Fig. 4. Effect of measurement errors on noise parameter extraction for an ideal HEMT, with a 10-state pattern. Left side: example of extraction using the proposed
methodologies for zero-mean measurement errors uniformly distributed in a range DNF [dB]. Right side: maximum percent errors versus DNF [dB]. 2 Ideal
terms. W Single-frequency extractions. 3 Approach (a)’s results. △ Approach (b)’s results.

Fig. 5. Architecture of the Source-Pull test bench.
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are reported in Figs 6 and 7, respectively, in terms of NFmin

[dB], Rn [V], Gopt

∣∣ ∣∣, and /Gopt [rad]. In these figures, again,
the circle-marked traces represent the sequence of single-
frequency, source-pull extractions, while “times” and “tri-
angle” symbols indicate results of approaches (a) and (b) in
Section III, respectively. Note that in this case real measure-
ments are considered, so the “true” value of the parameters
is not known: instead a continuous trace is plotted represent-
ing the same parameters extracted by a reference method

(based on the standard Pospieszalski model) by the foundry
itself.

A good agreement is achieved between the proposed
methods and the reference over the whole considered fre-
quency range: in particular the minimum noise figures
compare well, within 0.15 dB at 20 GHz, whereas the only
non-negligible difference is on the phase of Gopt (178 at
20 GHz for both devices). However, since the proposed multi-
frequency approaches are expected to predict the latter

Fig. 6. Extracted noise parameters of the 4 × 30 mm HEMT. 2 Reference model. W Single-frequency extractions. 3 Approach (a)’s results. △ Approach
(b)’s results.

Fig. 7. Extracted noise parameters of the 4 × 50 mm HEMT. 2 Reference model. W Single-frequency extractions. 3 Approach (a)’s results. △ Approach (b)’s
results.
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parameter very accurately (see Section III), the authors are
prone to attribute this discrepancy to an unaccounted-for
change of the reference planes: indeed, the foundry model is
extracted after fully de-embedding input and output access
lines, while the other extractions are referred to the probe-tip
planes – such hypothesis is corroborated by the fact that the
same phase difference is found for both peripheries. Other
minor deviations are easily explained by considering that
the standard model is a scalable one, and therefore may not
perfectly catch the individual features of each periphery, or
device sample.

Finally, note how, as in the ideal case discussed in Section
III, a direct extraction applied distinctly at each frequency
results in irregular fluctuations of noise parameters, while
the proposed approaches smooth such undesired behavior
and allow obtaining a characterization quite in agreement
with the reference model. This is achieved without the need
for “exotic” mathematical functions to fit the behavior over
frequency of the standard noise parameters.

V . C O N C L U S I O N

In this contribution an algorithm alternative to that proposed
by Lane has been presented, allowing extracting the four noise
parameters of a linear two-port from Single-Frequency,
Source-Pull measurements through linear-system solving
techniques. The novel method is mathematically equivalent
to Lane’s, but it takes advantage only of physical parameters
and is suitable to be immediately extended to Multi-
Frequency, Source-Pull extractions for high-frequency active
devices. The validity of these approaches has been shown
both in an ideal case and on real devices by comparison
with a well established alternative methodology.

The presented extraction method does not need a previous
knowledge of the FET equivalent circuit’s topology, nor of the
values of its elements, which is on the other hand a critical
factor when the common noise temperature techniques are
employed. This peculiarity, as well as the ease of software
implementation, makes the proposed algorithm very well
suited to quick characterization campaigns of active devices,
thus avoiding the burden of a whole set of prior, hetero-
geneous, sometimes destructive measurements, together
with the relevant extraction procedures, which are strongly
dependent on the device and critical for the reliability of the
results.
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