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Abstract

This paper introduces a new unified theoreti-
cal concept for noise analysis in analog and mi-
crowave circuits. Based on the adjoint system
approach an analysis technique for general pur-
pose CAD-applications is presented. The algo-
rithm is easy to be implemented into existing
CAD-tools. Moreover, it exploits the advan-
tages of sparse matrix techniques.

Introduction

Noise analysis of analog circuits has been a major
research topic for the last fifty years. The theories
developed up to now mainly deal with the analysis
of twoport circuits based on correlation matrices to
achieve a complete characterization of the noise behav-
ior of the circuit. Basically, the analysis is carried out
by rebuilding the circuit by twoport interconnections,
where the signal transfer and correlation matrices are
calculated step by step [1]. This technique tends to
get very complicated if the circuit is large. It seems
to be nearly impossible to handle e.g. a complete op-
erational amplifier in this way. In the early seventies
a new technique for large circuits with uncorrelated
noise sources was introduced in [3], which is restricted
to the computation of noise voltages. However, consid-
ering e.g. a microwave amplifier, this algorithm can-
not give a complete description of the noise behavior in
terms of the four twoport noise parameters. In [2] the
theory of correlation matrices for twoport networks
is expanded to n-port networks. This generalization
leads to a nodal based noise analysis, which can han-
dle arbitrary linear circuits. However, this method is
inefficient, because it requires the inverse of the com-
plete nodal admittance matrix of the circuit, even if in
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many conventional microwave applications this causes
no real problem. due to the relatively small circuit
sizes.

In the area of nonlinear circuits. noise analysis has
been restricted to a few specialized circuits up to now.
Only in [11] an algorithm based on a piecewise har-
monic balance technique and the noise description by
n-port correlation matrices is discussed. Due to the
concept of circuit partitioning used in the piecewise
harmonic balance technique this algorithm is quite
complicated and inefficient. to0o0.

The work described here combines the advantages
of the techniques used in [1. 2. 3, 11} to a unified the-
oretical framework. This yields an algorithm, which
can handle circuits of arbitrary topologies. Moreover,
it is easy to be implemented into existing simulators,
because only a modified forward and backward substi-
tution procedure is required plus a description of the
noise current sources of the devices. As an example,
in a linear SPICE-analysis of an amplifier only an ad-
ditional forward and backward substitution for each
port, two 2x2 matrix multiplications for each transis-
tor, and the outer product of two 2-dimensional vec-
tors for a resistor are needed.

The Algorithm

For the sake of simplicity, we will first describe the
algorithm for the case of linear circuits which are sub-
ject to a nodal analysis. This is no restriction because
the application to the modified nodal analysis and the
nonlinear case is straight forward. The modifications
needed for the application to the nonlinear case will
be discussed later on.

The aim of noise analysis is to replace the circuit’s
internal noise sources, which may or may not be cor-
related, by a set of equivalent correlated noise sources
at the ports of the circuit. The presented algorithm
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is based on the adjoint system approach as described
in [3, 4], which is used to calculate the transfer func-
tions from the internal noise sources to the port noise
sources. Therefore the sensitivities of the port volt-
ages with respect to the internal current sources have
to be calculated.

For a linear circuit, the nodal equations are given
by

YU =1, (1)

Assuming port i to consist of the nodes ¢ and ¢, the
voltage at this port can be expressed as

U; = (e; —ey)U = d?U. (2)
The resulting adjoint system
Y70, = dily, (3)

can be solved for the adjoint vector U;, where I, de-
notes a current of 1 A for unit consistence. The con-
tribution of an internal source I; to the voltage at port
¢ is then given by

Uy = 241, (4)

where

7y = o7 o) )

Iy

is the transfer function from the internal source to the
output. Considering a network with n ports and a
noisy device located anywhere in the network, where
the noise properties of the device are described by
a correlation matrix CY of [ noise current sources,
the relationship between the vector of equivalent noise
voltage sources at the ports and the vector of internal
noise current sources

Uport = (Ul’ UQ, U3a RS Un)T7 (6)
Leviee = (11,12,13,-”,[1)T, (7)

is given by
Uport = Z1jeyice- (8)

The elements of the matrix of transfer impedances
Z = 2] ©)

are calculated from eq. (5). Using the above def-
initions, the impedance representation of the n-port
correlation matrix is given by

VA — +T
Cport - <UI)07‘tUport>

cheviceZ*T' (10)

i
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In eq. (10) no assumptions concerning the nature of
the device’s noise sources have been made. Therefore
the device may contain any number of correlated or
uncorrelated noise current sources. If there is more
than one noisy device in the network, the port corre-
lation matrix is a superposition of the individual con-
tributions calculated from eq. (10). Moreover, the re-
quired figures of merit may be calculated starting from
this correlation matrix.

Application to Modelling

For verification and comparison purposes, the de-
scribed algorithm and the nodal based technique given
in [2] were implemented, using standard algorithms for
matrix inversion and factorization. In Fig. 1 the com-
putation times for test circuits, with two ports and n
nodes are given. The circuits are MESFET equiv-
alent circuits starting from a very simple one with
2 nodes and finishing with a complete one with 10
nodes for microwave applications. The comparison of
the computation times depends strongly on the imple-
mentation and the used computer. However, our al-
gorithm exhibits the better performance and it’s gain
in computation time grows with the number of nodes.
As a result of the MMIC-technology, the complexity
of microwave circuits grows and new CAD-techniques
are needed, which can handle large circuits. The pre-
sented algorithm combined with an appropriate sparse
matrix method may be able to handle circuits with
even hundreds of nodes. An other potential applica-
tion of the presented technique is the extraction of the
internal noise parameters R, P and C of the intrinsic
MESFET.
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Figure 1: Comparison of computation times.
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Figure 2: Minimum noise figure of an inhouse MES-

FET, --- measured, — computed from extracted
noise parameters
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Figure 4: Angle of I',;; of an inhouse MESFET,

- measured, — computed from extracted noise
parameters.
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The results shown in Figs. 2-5 are computed using
the extracted internal noise parameters. The extrac-
tion was done by reversing the described algorithm
and averaging over the frequency range. It is worth
noting that the deviation of the computed results is
within the measurement accuracy. Therefore it seems
to be resonable for CAD-application to characterize
the noise behavior of a MESFET only by the three
quantities R, P and C.

Application to Nonlinear Circuits

As shown in [5] the presented method is applicable for
nonlinear circuits in combination with the harmonic
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Figure 3: Magnitude of I',pr of an inhouse MES-
FET, --- measured, — computed from extracted
noise parameters.
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Figure 5: Equivalent noise resistance R, of an in-

house MESFET, - - measured, — computed from
extracted noise parameters.

balance method, as mentioned before. Due to it’s na-
ture noise is a small signal, which does not disturb
the large signal steady state of the circuit. The Ja-
cobian, used in the Newton-Raphson method [7], de-
scribes the transfer properties of the noise in the cir-
cuit under large signal excitation. Therefore it is di-
rectly related to the nodal admittance matrix and the
presented technique can be used. It should be noted
that in the nonlinear case noise sources of solid state
devices are modulated by the large signal steady state
and therefore some additional steps are needed to han-
dle these modulated noise sources. Moreover, the di-
mension of the Jacobian is determined by the product
of the number of considered harmonics and the num-
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ber of nodes, resulting in a high dimension even for
small circuit sizes. Especially in this case the advan-
tages of the described technique may be utilized. It
should be noted that a Jacobian calculated using the
almost-periodic Fourier-transform (APFT) [8] method
does not exhibit the required accuracy, due to the lim-
ited dynamic range of the APFT method [6, 9)].

Conclusions

An algorithm for the nodal based noise analysis of lin-
ear and nonlinear analog circuits has been presented.
The method eliminates the need of high dimensional
matrix inversions, whichs occurs in conventional noise
analysis algorithms in the case of large scale circuits or
nonlinear circuits. Moreover, there are a lot of poten-
tial applications for the adjoint nodal noise analysis
in the area of noise parameter extraction for a noisy
nonlinear FET model [11], where the noise parameters
R,P and C of the intrinsic FET are needed. In this pa-
per we can not touch all the properties of the presented
noise analysis technique and the explanation has been
restricted to special combinations of noise sources ( in-
ternal current and external voltage sources ), but the
method is not limited to this. In the authors’ opin-
ion the noise analysis technique based on the adjoint
system concept is well suited for CAD-applications.
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