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Improved Impedance-Pattern Generation for
Automatic Noise-Parameter Determination

Sven Van den Bosch,Member, IEEE,and Luc Martens,Member, IEEE

Abstract—The correlation between the impedance pattern for
automatic noise-parameter determination and the accuracy of
extracted parameters is investigated using a statistical approach.
Selection criteria for near-optimal patterns are given, and a new
method is proposed for automatic generation of these patterns.
Simulations prove this method outperforms others using random
or cross-shaped patterns.

Index Terms—Impedance, noise, noise measurement.

I. INTRODUCTION

DURING the last decade, the tendency toward smaller
device geometries and lower bias supply voltages has

given increasing importance to measurement and modeling of
device noise behavior. For measurements, the multi-impedance
technique originally proposed by Lane [1] is generally ac-
cepted. State-of-the-art setups use electronic or mechanical
impedance tuning to generate impedance patterns for the
measurement. It has been pointed out that the selected pattern
strongly influences the accuracy with which noise parameters
can be extracted [2], [3]. Davidsonet al. [2] investigated
a cross-shaped pattern and concluded that accurate noise-
parameter extraction only required the source impedances
to be “well spread” over the Smith chart. The proximity
to was not a factor according to them. Sannino [3]
identifiedsingular locion the Smith chart. Impedance patterns
comprising impedances that are on one singular locus give rise
to matrix singularities in the extraction procedure. Therefore,
source impedances on two or more singular loci are to be
chosen. However, no real effort was undertaken to find an
algorithm to generate a near-optimal pattern. We will show
that the existing practice is far from near-optimal, and propose
a new algorithm suitable for automatic measurements.

A number of techniques have been proposed for noise-
parameter extraction [4]–[6]. The method used by Boudiaf [6]
was reported to be the most accurate [7]. For simplicity and
because of its familiarity, we used the extraction technique
originally proposed by Lane in this paper. In Section II,
we will briefly summarize the existing practice in noise-
parameter extraction. Section III derives selection criteria for
near-optimal impedance patterns. Section IV compares sim-
ulations with randomly distributed and cross-shaped patterns
to a newly developed two-step-pattern generation technique.
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This technique is proved to be superior to the existing ones.
Section V sums up the most important results and conclusions.

II. STATE-OF-THE-ART IMPEDANCE PATTERNS

The noise figure depends nonlinearly on the source
impedance as described by

(1)

In (1), is the reflection coefficient of the source
impedance, is the optimum source impedance (yielding
minimum noise figure ), and is a measure of the
gradient with which the noise figure increases for impedance
points further away from .

Lane [1] developed a method to solve (1) for , ,
and from a set of measurements at different source
impedances by a least-squares fit. The key step in this method
is the solution of a linear set of the four equations in four
unknowns , shown in (2), at the bottom of the
following page.

Possible singularities in depend solely on the choice of the
source admittances . Specific patterns called
singular loci give rise to these singularities [3]. Closed-form
expressions for these singular loci are given in

and are constants (3)

A special case of the last equation in (3) is

(4)

This represents circles in the – -plane and concentric
circles around the origin on a Smith chart. Sannino proposes to
use source admittances on two or more different singular loci
to avoid singularity [3]. The cross-shaped pattern investigated
by Davidsonet al. is a special case of this since it consists of
admittances located on three different singular loci (see Fig. 1).

III. SELECTION CRITERION FOR THE

OPTIMUM ADMITTANCE PATTERN

A. Condition Number

Since the key step in Lane’s method is the solution of the
linear set of equations [shown in (2)], a logical
candidate for selecting an optimum pattern is the condition
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Fig. 1. Cross-shaped pattern consisting of three different singular loci.

number of . The condition number of a matrix indicates
the stability of the solution of with respect
to errors in . Since is completely determined by the
selected admittances, its condition number depends only on
the admittance pattern. We investigated the possibility of using
the condition number of by generating a large number (500)
of random admittance patterns with a maximum reflection
coefficient . For each pattern, noise figures were
calculated using (1) with parameter values dB,

, and . The resulting noise
figures were then given a random distributed error with a

TABLE I
CORRELATION BETWEEN CONDITION NUMBER AND NOISE-PARAMETER

ERRORS FOR AMAXIMUM 5% ERROR ON NOISE FIGURES

1%, 2%, and 5% maximum error, respectively. These were
regarded as measured noise figures. For each admittance
pattern, the four noise parameters and the matrix condition
number were then calculated. Finally, correlation coefficients
between noise-parameter errors (with respect to the exact
values) and the matrix condition number were then calculated.
For the condition number to be a valid selection criterion,
a large correlation coefficient (close to one) is expected.
Correlation coefficients between all four parameters ( ,

, , and ) and the condition number for a maximum
5% error are shown in Table I. In Table I,RC denotes the
inverse of the condition number.

Table I shows that the error on none of the noise parameters
is correlated with the matrix condition number. Therefore, the
condition number is not a good criterion for selecting the
optimum pattern.

B. Confidence Interval of Statistic Distribution

Since the condition number is not a good criterion for select-
ing the admittance pattern, we adopt a statistical approach. The
procedure is as follows. We start from a set of noise parameters

(2)
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( dB, , and ) and
simulate the corresponding noise figures using (1). We then
add a randomly distributed “error” with a fixed maximum (e.g.,
5%) to each of these sets of “synthetic measurements.”
For each set, the noise parameters are then calculated. We
thus obtain a statistical distribution for each parameter with
mean and standard deviation . In the event that the
distribution is normal, the standard deviation corresponds to a
68% confidence interval, which means that 68% of the results
are in the interval . For nonnormal distributions,
this is not exactly true, but if the distribution is not too far
from normal, the conclusions drawn from the normal case can
still be used and, in fact, it is common practice in statistics to
do so. If is chosen sufficiently large (we take ),
a narrower confidence interval indicates a smaller influence
of measurement errors on parameter extraction. Using this
method, we will investigate the characteristics of random and
cross-shaped patterns and propose a new two-step pattern that
is suitable for automatic measurements and outperforms both
of the other patterns.

IV. SIMULATIONS

A. Random Pattern

For reference purposes and to get an idea of what a near-
optimal pattern would look like, a large number (500) of
random impedance patterns were treated as explained above.
The results are again presented for dB,

, and , but they were calculated for
a number of different combinations, and they remain valid
for a wide range of noise parameters, as will become clear
in Section IV-C. The following qualitative conclusions were
drawn from visual inspection of the simulated patterns.

1) In most cases, the optimum pattern is different for each
parameter. There is no general optimum pattern.

2) Contrary to the conclusions given by Davidsonet al. [2],
the confidence interval does depend on the proximity of
measured points to . especially appears to
be strongly dependent on this. An explanation for the
different results could be that Davidson’s conclusions
were drawn from the difference between the mean of the
statistical distribution and the original parameter. This is
not a relevant comparison since it does not indicate how
far the measured noise parameters can actually be off
from the real ones.

Fig. 2. Percentage error on the standard deviation ofBopt with respect to
the minimal standard deviation for a cross-shaped pattern as a function of the
orientation angle�.

3) depends least on the selected admittance pattern,
and is determined mainly by the spread of the admit-
tances some distance away from .

4) and are determined mainly by the number
of impedances with real and imaginary part greater than
that of .

These qualitative conclusions were then verified quantitatively
by calculating (5)–(7), shown at the bottom of this page.

For (5) and (6), the exponent in the summation is always
positive when or

, respectively. This indicates that the number
of points between and the border of the Smith chart
is inversely correlated to the standard deviation on
and , respectively. Similarly, (7) indicates that is
directly correlated or, in other words, with the
proximity of to . We will use these results together with
the qualitative conclusion for to propose a new pattern in
Section IV-C.

For comparison with the cross-shaped pattern and the two-
step pattern, additional simulations were carried out to study
the influence of the noise parameters (or, in fact, the influence
of the device-under-test) on the extraction accuracy. Therefore,
we simulated results for random patterns with
to dB in steps of 0.25 dB, to in steps
of 10 , and for 500 different locations of distributed

(5)

(6)

(7)



1676 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 11, NOVEMBER 1998

(a) (b)

(c) (d)

Fig. 3. Selection of additional points for two-step method.

randomly over the Smith chart. The results are compared in
Section IV-C.

B. Cross-Shaped Pattern

The same simulations were performed with a cross-shaped
pattern, for comparison with the results obtained by Davidson
et al. [2]. In addition, the dependence of the accuracy on
the orientation angle of the cross-shape was investigated.
Percentage differences for all with respect to the smallest

(for rad) are given in Fig. 2, which indicates
that the orientation dependence cannot be neglected.

C. New Two-Step Pattern

Based on our qualitative and quantitative conclusions dis-
cussed in Section IV-A, we present a new pattern that can
be generated automatically for all measurements, but still
takes into account the accuracy issues discussed earlier. We
propose to use a two-step generation process. For illustration,
we will use a typical nine-point impedance pattern, which is
generally accepted as a good compromise between accuracy
and measurement speed. Fig. 3 clarifies the pattern-selection
algorithm described below. In the first step, five fixed points
are measured in a cross-shaped pattern [see Fig. 3(a)] with
a maximum reflection coefficient determined by the measure-

ment setup (cables and tuner). From these points, estimates for
all four noise parameters are obtained using Lane’s method.

obtained in this manner [see Fig. 3(b)] is then used for
selecting four additional points. The first two of these address
the accuracy of and [see (5) and (6)]. Points are
chosen with the same real or imaginary part as , but
with a maximized imaginary and real

part, respectively [see Fig. 3(c)]. Of
course, we still account for the maximum reflection coefficient
achievable with the given setup.

The remaining two points are used to further optimize the
pattern for the determination of and . Based on the
qualitative conclusion for and (7), we choose points around

(for ), but not too close to it (for ). We (more or
less arbitrarily) selected the center of gravity of the triangles
formed by the origin of the Smith chart, , and two of the
remaining four points of the original cross closest to [see
Fig. 3(d)].

This selection procedure covers all criteria mentioned in
Section IV-A and has the additional advantage of the reason-
able simplicity with which the selection criteria can be ex-
pressed mathematically. Furthermore, it is suitable for imple-
mentation in our noise measurement setup (Focus Microwaves,
Inc., P.Q. Canada), or any other impedance-tuning system
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Fig. 4. Cumulative distribution for all four noise parameter’s standard deviation and for random, cross, and two-step pattern. The position of�opt

was varied randomly.

Fig. 5. Cumulative distribution for the standard deviation ofFmin andRn. Fmin andRn were varied on the left- and right-hand side, respectively.

offering a sufficiently dense coverage of the Smith chart. The
tuner is characterized during calibration for each measurement
frequency and a number of tuner positions. During measure-
ment, interpolation between calibrated positions is possible.

With this method, we also performed the simulations de-
scribed above. For each of the three methods we used, cumu-
lative distribution functions (cdf’s) were calculated for all four
noise-parameter distributions, and for the variations of
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, and described above. For a variation of (500
different locations) cdf’s are shown for all four parameters in
Fig. 4. For variations of and , they are shown only for

and , respectively (see Fig. 5). In all circumstances,
the new two-step method outperforms the cross-shaped and
random pattern.

V. CONCLUSION

We investigated the relation between the admittance pattern
for automatic noise-parameter determination and the accuracy
on extracted parameters using a statistical approach. Our
results indicate that the optimum pattern is different for each
parameter. Based on numerous simulations of random patterns,
we identified selection criteria for near-optimal patterns and
verified them mathematically. We also proposed a new two-
step pattern suitable for automatic pattern generation and
showed that it outperforms random and cross-shaped patterns
in a wide range of cases. These results are important for
reliable extraction of noise parameters with an automatic
measurement setup.
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