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Extraction of Device Noise Sources from
Measured Data Using Circuit Simulator Software

Pertti K. Ikalainen

Abstract— A procedure is presented for extracting the properties of
device noise sources from experimental data. The extraction procedure
can be implemented using commercially available circuit simulators.
An example concerning a low-noise pseudomorphic HEMT shows that
the two noise sources extracted from experimental data are largely
uncorrelated provided that parasitic elements are de-embedded from the
measurement and that the sources are extracted in H-parameter format.

[. INTRODUCTION

It is usual to characterize the noise performance of a microwave
device with four noise parameters: minimum noise figure From.
optimum source admittance Y,,:, and equivalent noise resistance
R,,. Together with S-parameters they completely characterize the
small-signal performance of any two-port device. However, it is
sometimes desirable and physically more meaningful to examine the
noise performance in terms of two noise sources associated with the
two-port. The four parameters then become the strength of the two
sources and the (complex) cross-correlation between them. These two
sources can be separated from the two-port in a number of ways, and
the theoretical procedures for treating these cases are well established
(1} 2]

Given experimental noise parameters (in terms of Fiin. Yop:. and
R,) and S-parameters, we need an extraction procedure to find the
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properties of the noise sources. It is also frequently desirable to de-
embed the effects of known device parasitics before extracting the
noise sources. One such de-embedding and extraction procedure was
presented for FETs in [3]. However, that method requires software for
conversion between Z and Y correlation matrices. It is the purpose
of this paper to report a simple extraction method using commercially
available circuit simulation software. This method is general and
works for any kind of two port device.

. EXTRACTION OF NOISE SOURCES FROM MEASURED DATA

Consider the noise equivalent representation of Fig. 1(a) [1], [2].
Since knowledge of the strength and cross-correlation of the two noise
current sources along with the Y -parameters of the network uniquely
determines the four noise parameters, it then follows that, conversely,
the noise currents can be uniquely determined from a knowledge of
the Y -parameters and the four noise parameters. Equations could
be written for the noise sources directly in terms of Y -parameters
and Finn, Yopt, and R,. However, it is convenient to first convert
the standard noise parameters Fiun, Yope, and R, into a format
compatible with the noise equivalent representation of Fig. 1(b) [1],

(2]
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where Y. is the correlation admittance between ¢,, and e,, of Fig. 1(b)

_ {inen)

- {ener)’
and G, is related to the strength of the completely uncorrelated part
inu of 1, of Fig. 1(b)

, AlEnal®) _ (in = Yeea]?)
G = 4kToB ~ 1kToB " )

(3)

where k is the Boltzmann constant, 1j is the standard reference tem-
perature of 290 K, and B is the incremental bandwidth. The brackets
() indicate time average and * indicates complex conjugation. R, is
related to the strength of e, of Fig. 1(b) by
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We now can write equations for ¢,; and f,2 of Fig. 1(a) in terms of
R,,G,. and Y, utilizing definitions (3)—(5) and the transformation
[2] between i,; and i,» of Fig. 1(a), and i, and ¢, of Fig. 1(b),
respectively,

{(in1]?) = 4kToB(Gy + RuJY11 = Y. [P)  (6)
(Jin2|*) = 4kToBR, [¥ou | @)
(in1ifa) Y510 — 1) )

Vi Py (Jinal?)

2

Varly B2+ v - v
It is interesting to note that the only Y-parameters that enter into
(6)—(8) are Yi; and Y3;. Equations (1), (2), and (6)—(8) can be
programmed in a commercial circuit simulator with “output equation”
capability. For example, we have used LIBRA and TOUCHSTONE
[4] in the examples discussed later in this paper.

0018-9480/93$03.00 © 1993 IEEE
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Fig. 1. Noise equivalent representations of a two-port: (a) Two noise current
sources in Y -parameter format, (b) one noise current and one noise voltage
source in ABDC- or chain matrix format, and (c) one noise current and one
noise voltage source in H-parameter format.

Another possible form of presentation, particularly suitable for
FETs as we will discuss, is the H-parameter format, see Fig. 1(c),

Vi=Huli + Hi2Va+esn ©)
Iy = HoiIh + HaoVa +ip,
where
e ! i
R= —o—inl
Y (10)

in=1i LY}
h = 1n2 — 7 inl.
y11

ey, and 7, are new noise sources corresponding to input open-circuited
noise voltage (with output shorted) and output short-circuited noise
current (with input open). Noise source extraction formulas can be
derived from (10) and (6)—(8) to arrive at
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II1. DE-EMBEDDING OF PARASITICS

If device parasitics are known (e.g., through independent measure-
ments or modeling), they can be de-embedded before the extraction.
All that needs to be done is to add elements with negative values
and in reverse order to the measured two-port data. This process
is illustrated in Fig. 2 for the example to be discussed next. Note
that the temperature of the resistive elements has to be equal to the
actual ambient temperature of the measurement. A word of caution
is necessary with regard to use of commercial software here. It is
unusual to have negative resistances in a noise equivalent circuit,
and it is conceivable that the software may not de-embed their

RES m 2 ) RES
) Ly Ld ™
Re-36 Loz EMB/RC 6 Ress
Pt ra
CAP — o
Cge Cde
¢ a-0.018 IND € =-0.007
L
é Ls"o. 006

Fig. 2. Parasitic elements can be de-embedded from measured data by
connecting negative elements in reverse order.
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Fig.3. Measured and modeled F,,,, and R, of the PHEMT shown in Fig. 5.
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Fig. 4. Measured and modeled optimum source reflection coefficient I',p¢
of the PHEMT shown in Fig. 5.

noise contribution properly. However, we have determined that at
least LIBRA and TOUCHSTONE do correctly de-embed resistive
elements using this approach.

IV. EXAMPLE

S-parameters and noise parameters were measured on-wafer from
a 0.25-pm gate length (75-pm width) GaAs-based pseudomorphic
HEMT (PHEMT). Measured noise parameters are shown in Figs, 3
and 4. (The modeled data in Figs. 3 and 4 is to be discussed later.) As
is obvious from Figs. 3 and 4, there is quite a lot of scatter in the on-
wafer noise parameter measurement which, at least according to our
experience, is not unusual in automated on-wafer noise parameter
measurements on a small device with very low noise figure. That
same scatter shows up, of course, in the extracted noise sources.
However, general trends in the data can still be usefully examined.
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Fig. 5. Equivalent circuit of our pseudomorphic HEMT. R1 is the “sense” element of the voltage-controlled current source VCCS. Making R1 = 0 makes
the simulator treat R1 as infinite. Capacitors are in pF and inductors are in nH.

A circuit model, shown in Fig. 5, was developed from S-parameters
and additional “‘cold-FET” measurements to determine parasitic el-
ements [5]. The noise extraction procedure was then applied to the
measured data. First all parasitic elements were de-embedded from
the data as shown in Fig. 2. Elements Rgs and Cdg of Fig. 5 were
de-embedded, as well, by continuing the process indicated in Fig.
2. Cdg was de-embedded to remove its effects on the correlation
between the noise sources. De-embedding Rgs gave flatter noise
source spectra at low frequencies. It is believed that Rgs represent
the small forward conductance of the gate Schottky (the device was
enhancement mode and had to be biased with positive voltage at the
gate). After de-embedding, the noise sources were extracted in both
Y- and H-parameter format. The results are shown in Figs. 6-9. Fig.
6 shows the magnitudes of ¢,; and ¢,2.%,2 is observed to be fairly
constant over the frequency range while ¢,,; shows a characteristic
frequency dependence, both in accordance with theory [6]. Fig. 7
shows the correlation coefficient between i,,1 and in2. The real part
of the correlation is seen to be small compared to the imaginary part,
and the imaginary part has only slight frequency dependence, again
in accordance with theory [6].

According to the theory of {7] the frequency dependence of 7,1
and the correlation between ¢,,; and ¢,> in the Y-parameter format
mostly arises from the use of short-circuit condition at the input of an
FET as that allows gate noise current flow through Cly;. Using H-
parameter format, instead, should show constant open-circuit noise
voltage at the gate, constant short-circuit noise current at the drain,
and little correlation between the two. That is indeed seen to be the
case in Figs. 8 and 9. Using an open circuit condition at the gate
while extracting the noise sources from experimental data is seen
to undo most of the correlation between input and output noise.
It should be noted that de-embedding all the parasitics and Cdg
is essential to obtaining the correlation properties of the assumed
internal sources.

The circuit model shown in Fig. 5 can be used to model the noise
performance by assigning temperatures to the resistors [7]. Based on
the H-parameter noise sources, the average strength of drain noise
current is approximately 160 (pA)*/Hz while the gate noise voltage
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Fig. 6. The strength of two noise current sources in (pA)2/Hz as extracted
from measured data in Y -parameter format. Parasitic elements and Cdg and
Rgs shown in Fig. 5 have been de-embedded.
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Fig. 7. The correlation coefficient between the two noise current sources
shown in Fig. 6 as extracted from measured data.

is approximately 0.12 (nV)?/Hz, see Fig. 8. These correspond to
temperature 1630 K for Rds and 350 K for Ri. All other resistors
are at 300 K. Measured and modeled noise parameters are compared
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Fig. 8. The strength of a noise current source in (pA)?/Hz and a noise voltage
source in (nV)2/Hz as extracted from measured data in H -parameter format.
Parasitic elements and Cdg and Rgs shown in Fig. 5 have been de-embedded.
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Fig. 9. The correlation coefficient between the noise current source and the
noise voltage source shown in Fig. 8 as extracted from measured data.

in Figs. 3 and 4. Quite good agreement is observed. Several other
HEMTs have been analyzed and modeled with similar results.

V. CONCLUSIONS

A procedure for noise source extraction from measured data was
presented. Experimental data from a low-noise HEMT device showed
little correlation between input and output noise when the noise
sources were extracted in H-parameter format forcing open-circuit
conditions at the gate and short-circuit conditions at the drain. The
experimental data show that an accurate HEMT noise model may be
constructed using non-correlated noise sources.
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An Efficient Method for the Determination
of Resonant Frequencies of Shielded
Circular Disk and Ring Resonators

Faton Tefiku and Eikichi Yamashita

Abstract— This short paper describes an efficient method for the
determination of resonant frequencies of shielded circular disks and
annular ring resonators. Bounary integral equations are set up based
on the Green’s identity in the circular cylindrical coordinates, and are
numerically solved by discretizing common boundary integral paths. The
overall integration path is considerably shortened to reduce computation
time by using simple eigen functions satisfying regular homogeneous
boundary conditions as weighting functions instead of using Green’s
functions. Computational results for both circular disks and annular rings
are presented and compared with other available numerical results for
some cases. This method can be extended to treat thick conductors.

I. INTRODUCTION

Circular disks and annular ring conductors printed on a dielectric
substrate are finding a wide range of applications in microwave
integrated circuits. Various simple models have been employed in the
past to estimate the resonant frequencies of these structures: a simple
cavity model with magnetic side walls [1], [2], a modified cavity
model [3], a planar waveguide model [4] [5] taking into account
fringe fields for both circular disk and annular ring resonators. A more
rigorous method was developed for an annular ring using the reaction
concept [6]. With a full wave analysis in the Hankel transform
domain it was possible to estimate both resonant frequencies and
radiation patterns [7], [8]. Calculations have also been made under
the assumption of a conductive shielding in the case of resonator
structures with high dielectric permittivities or thin substrates [9],
[10].

The boundary integral equation method without using Green'’s
function has been proposed [11] and has recently been employed in
the analysis of planar transmission lines [12]. It is one of the features
of the method that eigen functions satisfying the regular boundary
conditions of the shielding conductor are used instead of Green’s
function. The manipulation with complicated Green’s functions is
avoided in this way and the overall integration path is considerably
shortened for saving the computational time.

In this short paper, we develop the above boundary integral
equation method in the circular cylindrical coordinates to solve
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