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Abstract
Cooled low noise microwave FET amplifiers are used
extensively in radio telescopes, satellite earth stations,
and radar systems to minimize noise added to the signzl by
the receiver. When designing these amplifiers it is
essential to know the noise parameters of the component
transistors. However, because of their high input reflection
coefficients, it is difficult to accurately measure the
noise parameters of the GaAs FET and HEMT transistors often
used in these amplifiers. It is even more difficult to
obtain the noise parameters of these transistors when they
are cooled to cryogenic temperatures. At cryogenic
temperatures it is difficult to adjust the mechanical tuners
which are often used to measure noise parameters. It is also
difficult to estimate the small signal and noise behavior of
the connections between equipment at room temperature and
the equipment at cryogenic temperatures.

In the research described in this thesis, a load having
an electronically controlled reflection coefficient and
noise temperature was constructed, and was used to measure
the noise parameters of a Mitsibushi MGF1412 GaAs FET at 12K
at frequencies from 1.2 GHz to 1.6 GHz. This device had an
input reflection coefficient near 0.98 and - minimum noise
temperature of 10K. The electronic load simplified the
measurement of noise parameters at cryogenic temperatures
because its reflection coefficient was adjusted from outside

the cooling apparatus, and the reflection coefficients were



repeatable.

The author developed and tested a number of novel noise
measurement techniques. New techniques of estimating the
noise parameters of a noise measurement receiver and of the
device under test were introduced. The use of the singular
value decomposition to improve and analyze noise parameter
estimation by least squares fitting was introduced. An
analysis was made of the measurement errors due to frequency
errors and non-zero noise power measurement bandwidth.

A new notation was introduced which simplified the
analysis of noisy linear circuits. This notation was used to
develop cascading and de-embedding equations for noisy
linear two-ports in a simplified form, and was also used to

develop some of the new measurement techniques.
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Chapter 1

Introduction
Low noise microwave amplifiers are used extensively in radio
telescopes, satellite earth stations and radar systems to
minimize noise added to the signal by the receiver. The
University of Alberta low noise amplifier group is engaged
in the design and construction of ultra-low noise amplifiers
using gallium arsenide field effect transistors (GaAs FETs)
and high electron mobility transistors (HEMTs) cooled to
10K. Such amplifiers are smaller, cheaper, easier to
maintain and more stable than other types of low noise
amplifiers such as parametric amplifiers and masers.

The objective of this project was to develop the
equipment, techniques and software nécessary to measure the
noise parameters of a cooled low noise GaAs FET in the 1 GHz
to 2 GHz frequency range. The transistor selected for this
project was the Mitsubishi MGF1412, an n-channell
GaAs MESFET. Knowledge of the GaAs FET noise parameters as a
function of bias conditions and frequency will allow a
designer to select the best transistors from a lot and to
design amplifiers optimized for a selected transistor. In
addition, the theory required to obtain the noise parameters
of a cooled GaAs FET also led to a better understanding of
the noise behavior of linear electronic devices.

Noise parameter estimation is a process comprising
several steps. The noise parameters of the noise measurement

receiver and the noise temperature of the noise generator



must each be calibrated. Then, noise povwer measurements are
made with the device under test (DUT) inserted in the noise
measurement system. Next, the noise parameters or the excess
noise temperature of the DUT and receiver are estimated from
the power measurements. Finally, the noise contribution of
the noise measurement receiver must be accounted for. There
are a number of different ways of accomplishing the gntire
process and of accomplishing each step, and in the course of
this project a number of different procedures were used.
This thesis first discusses the individual procedures and
then describes how these were used t6 obtain the final
results.

The final experiment alone of this project generated in
excess of 2100 noise power measurements and 320 reflection
coefficient measurements. The large amount of data and the
complexity of many of the equations involved necessitates
the use of computer programs to collect and manipulate the
data. The data was collected using an HP86 computer and
custom software; the details of this system will not be
mentioned. The software used to organize and manipulate the
data and to estimate noise parameters is described in
chapter 8; The approach throughout this project has been
that when an algorithm or procedure was required, a program
was written to perform it, then verified with dummy data and
then used to manipulate the experimental data. This reduces,
but does not eliminate, the possibility of errors in

calculation.



1.1 Related Literature

During the course of the research for this project, the
literature was widely searched and consulted. This section
is a review of the thirty or so most useful papers in the
list of references, in chronological order.

Rothe, H., Dahlke, W., 1956, "Theory of Noisy
Fourpoles"

This peper derives the variation of noise figure with
generator admittance (or impedance) from linear circuit
theory applied to a two-port with two partially correlated
internal noise generators. The internal noise generators are
replaced by two uncorrelated voltage and current noise
generators and two non-existent admittances connected at the
device input.

IRE Subcommittee 7.9 on Noise, 1960, "IRE Standards on
Methods of Measucing Noise in Linear Two-Ports”

This paper introduces a method of estimating noise
parameters by means of an experimental search for the
minimum noise fiqure. Lossless tuning networks are required
at the input and output of the DUT. The measurement of noise
figure using a hot-cold noise generator is described.

Fukui, H., 1966, "Available Power Gain, Noise Figure
and Noise Measure of Two-Ports and Their Graphical
Representations”

This paper derives the loci of constant noise figure, noise
measure and available gain on the complex reflection

coefficient plane.



Bosma, H., 1967, "On the Theory of Linear Noisy
Systems”
This Ph.D. thesis uses elements of Hilbert space to
represent the frequency elements of noise exciting a linear
network. Correlati»n matrices and noise amplitude vectors
are used to represent noise generated by multiports. The
circuit analysis is performed in terms of noise waves, and
this is particularly convenient for microwave circuit
analysis.

Lange, J., 1967, "Noise Characterization of Linear
Two-ports in Terms of Invariant Parameters"
This paper develops a new set of two-port noise parameters
which are shown to be invariant to a lossless
transformation. It is also shown that one of the noise
parameters, N, is related to the VSWR of the optimum (for
noise) generator reflection coefficient.

Lane, R.Q., 1969, "The Determination of Device Noise
Parameters"”
This paper describes the disadvantages of an experimental
search for the minimum noise figure. A method of estimating
noise parameters by means of a linear least squares fit to.a
redundant set of noise figure versus generator admittance
measurements is described. The author states that the
measurement results presented in this paper were corrected
for tuner losses and exhibited a high sensitivity to

measurement errors.



Gupta, M.S., 1970, "Determination of the Noise
Parameters of a Linear Two-Port"

This paper describes fitting noise parameters to a set of
noise figure measurements using the method of steepest
descent.

Adamian, V., Uhlir, A., 1973, "A Novel Procedure for
Receiver Noise Characterization"

This paper estimates noise parameters from a set of power
measurements versus generator noise temperature and
admittance. Two measurements must be made with fixed
admittance and significantly different noise temperatures.
The remaining four parameters can be solved by a least
squares fit after the equation is linearized. The input
admittance of the receiver must be known.

Mamola, G., Sannino, M., 1975, "Source Mismatch Effects
on Measurements of Linear Two-Port Noise Temperatures"

This paper describes an iterative procedure to estimate the
error in excess noise temperature due to the non-ideal
characteristics of the hot-cold noise generator used to make
the measurement.

Hillbrand, H., Russer, P.H., 1976, "aAn Efficient Method
of Computer Aided Noise Analysis of Linear Amplifier
Networks"

This paper describes a method for computer aided noise
analysis of linear networks based on a formal description of
noise by means of correlation matrices. This method extends

to passive and active one-ports and two-ports. The noise



description is based on voltage and current noise
generators.

Caruso, G., Sannino, M., 1977, "Analysis of Frequency
Conversion Techniques in Measurements of Microwave
Transistor Noise Temperatures”

This paper describes an iterative algorithm to estimate the
error in measured excess noise temperature due to an
imperfectly rejected image channel. The image channel is
assumed to be very close in frequency (implying a very low
intermediate frequency).

Meys, R.P., 1978, "A Wave Approach to the Noise
Properties of Linear Microwave Devices"

This paper derives the noise properties of linear two-ports
in terms of noise waves generated by partially correlated
generators at the device input. A measurement procedure is
described which requires a matched hot-cold noise generator
and an almost lossless hot-cold noise generator having a
reflection coefficient of fixed magnitude and variable
phase. The noise parameiers are estimated by fitting a
sinusoidal function to measurements of excess noise
temperature versus the phase of the generator reflection
coefficient.

Caruso, G., Sannino, M., 1978, "Computer-Aided
Determination of Microwa:: Two-Port Noise Parameters”

This paper introduces the least squares fit of wave type
noise parameters to measured values of excess noise

temperature versus generator reflection coefficient. It is



suggested that errors in estimated noise parameters reported
by Lane (1963) are due to the set of generator reflection
coefficients approximating a singular locus. The shape and
location of singular loci on the Smith chart is discussed.

Mitama, M., Katoh, H., 1979, "An Improved Computational
Method for Noise Parameter Measurement"”

This paper describes a method of fitting noise parameters to
excess noise temperature versus reflection coefficient by
minimizing the total normalized error, that is, the actual
distance from the data points to the estimated curve. The
normalization of the fitting errors depends on previously
estimated noise parameters and numerically obtained
derivatives. As a result, the procedure is iterative, and
each iteration involves the numerical estimation of
derivatives at each data point.

Caruso, G., Sannino, M., 1979, "Detz:mination of
Microwave Two-Port Noise Parameters Thrcugh Computer-Aided
Frequency Conversion Technigues”

This paper describes the applicatin:r of the least squares
fitting technique from Carusc z::i %unnino (1978) to the
situation where the image freque:uy is imperfectly rejected
or not rejected at all. These results are similar to those
of Caruso and Sannino (1977).

Sannino, M., 1979, "On the Determination of Device
Noise and Gain Parameters”

The author suggests that the measurement errors described by

Lane (1979) may be due to ill-conditioning of the data



array. Singular loci of generator admittances, and how to
avoid them while using a slide screw tuner, are discussed.

Sannino, M., 1980, "Simultaneous Determination of
Device Noise and Gain Parameters Through Noise Measurements
Only"
This paper describes a method of estimating the noise
parameters and gain parameters of the DUT only, by using an
isolator and step attenuator connected between the DUT and
the measurement receiver. The noise parameters of the DUT
plus receiver are estimated from measurements of noise
figure versus generator reflection coefficient by a linear
least squares fit procedure. The noise contribution of the
receiver and the available gain of the DUT are estimated by
making two or more sets of measurements with different step
attenuator settings. This procedure is somewhat ambiguous
and appears to assume that the noise figure of the isolator
is ihdependent of reflection coefficient presented to its
input.

wiatr, W., 1980, "A Method of Estimating Noise
Parameters of Linear Microwave Two-ports”
This Ph.D. dissertation from Warsaw Technical University is
in Polish and has not yet been translated into English. It
appears to describe the estimation of noise parameters of a
two-port such as a transistor by fitting noise parameters to
measured excess noise temperature versus generator
reflection coefficient using a linear least squares fit

procedure similar to that of Caruso and Sannino (1978). The



receiver noise contribution is removed using the correlation
matrices by Hillbrand and Russer (1976). Ther: appears to be
an extensive error analysis.

Strid, E.W., 1981, "Measurement of Losses in Noise
Matching Networks"
This paper presents the loss measurements of a "lossless”
slide screw tuner obtained using a network analyser. The
loss is found to be a strong function of tuner position, and
it is shown that back to back tuner measurements will give
an incorrect estimate of the tuner loss.

Hecken, R.P., 1981, "Analysis of Linear Noisy Two Ports
Using Scattering Waves" |
This paper uses signal flow graphs to analyze a noisy
two-port driven by a noise generator through a slightly
lossy matching network. It is demonstrated that small losses
in an input matching network can significantly increase the
minimum excess noise temperature of a low noise GaAs FET
amplifier. A method of estimating the noise parameters of a
DUT plus the receiver is described, which employs a hot-cold
noise generator cascaded with a double-slug tuner to
experimentally search for the minimum noise figure. The
estimated noise parameters of a GaAs FET plus receiver at 2
Ghz are presented (Fy;n=0.9 dB).

Sawayama, Y., Mishima, K., 1981, "Evaluation Method of
Device Noise Figure and Gain Through Noise Measurements”
This paper describes a method of estimating the noise

parameters, output reflection coefficient and available gain



10

of the DUT only, using a circulator, noise generator and
step attenuator connected between DUT and the receiver. It
is important to note that the circulator must be tuned for
perfect circulation, which is a difficult procedure and very
narrowband by nature.

Mishima, K., Sawayama, Y., Sannino, M., 1982, "Comments
on 'Simultaneous Determination of Device Noise and Gain
Parameters Through Noise Measurements Only'"

Mishima and Sawayama criticize Sannino's paper because he
has apparently assumed that the noise figure of an isolator
is independent of the reflectica coefficient presented to
its input. In addition, the estimated noise parameters of a
transistor presented by Sannino are shown to be
non-physical. Sannino replies that Mishima and Sawayama do
not understand his method and their criticisms are invalid.
He states that a one-port network analyzer is obviously
necessary to measure the DUT output reflection coefficient,
with the object of estimating the isolator noise figure. He
also states that non-physical noise parameters are routinely
obtained as a result of uncorrecied second order measurement
errors.

Meys, R.P., 1982, "A Microprocessor Controlled
Automatic Noise-Temperature Meter"

This paper discusses the errors of measured excess noise
temperature due to uncertainties in the generator noise
temperature and power ratio (Y-factor) measurement. The

limits and corrections for detector nonlinearity are
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discussed. The measurement system considered is similar to
an HP8970A noise figure meter.

Adamian, V., Uhlir, A., 1982, "Input Reflection and
Noise Figure Dependence on Source Reflection: Determination
Using Noise Generator"

This paper describes a method of determining the DUT input
reflection coefficient from one measurement with a matched
calibrated hot-cold noise source and 4 measurements with a
mismatched hot-cold noise generator and a lossless line
stretcher.

Lane, R.Q., 1982, "A .5-18 GHz Semi-Automatic Noise
Parameter Measurement Technique"

This paper describes a method of estimating noise parameter
by means of a computer directed search employing a double
slug tuner connected before and after the DUT. The generator
reflection coefficients are confined to two singular loci
near the noise minimum. The author claims the method still
has a high sensitivity to measurement errors and that these
errors are due to uncorrected tuner losses. He speculates
that the errors may be reduced using the fitting algorithms
of Mitama and.Katoh (19879).

Le ke, B.W., 1982, "A Programmable Load for Power and
Noi¢ Characterization"

This paper describes a one port load consisting of four or
six PIN diodes interconnected by directional couplers. A
number of different reflection toefficients are possible,

depending on the group of diodes which are forward biased.
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Large signal measurements of a power transistor are
presented, and a measurement configuration for transistor
noise measurements is suggested.

Larock, V.D., Meys, R.P., 1982, "aAutomatic Noise
Temperature Measurement Through Frequency Variation"

This paper describes a method of estimating noise parameters
employing a mismatched hot-cold noise generator at the end
of a long transmission line. The phase of the noise
generator reflection coefficient is varied by slightly
changin- the measurement frequency. The noise parameters are
obtained by fitting a sinusoidal curve to measurements of
excess noise temperature versus the phase of the generator
reflection coefficient. The loss of the transmission line
must be accounted for. The estimated noise parameters of a
bipolar transistor plus receiver at 500 Mhz are

presented (Tyin=200K).

Martines, G., Sannino, M., 1982, "Determination of
Microwave Transistor Noise and Gain Parameters Through Noise
Figure Measurements Only"

This paper describes a method of estimating the noise
parameters and gain parameters of the DUT only, by using an
isolator and step attenuator after the DUT. Tuner losses are
ec-imated from the difference between predicted and measured
gain and noise temperature with a matched generator. It is
assumed that tuner losses are not a function of the tuner

position.
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Gupta, M.S., 1983, "Impossibility of Linear Two Port
Measurement with a Single Temperature Noise Source"

This paper shows that the minimum number of power
measurements required to estimate the noise parameters of a
two-port is five, and that at least two of the measurements
must be with noise generators of substantially différent
noise temperature. Singular loci of generator admittances
are also discussed.

Fanelli, N., 1983, "A New Measurement Method of the
Noise Parameters of Two-Port Devices"

This paper employs a sliding short and a matched hot-cold
noise generator before the DUT, and an isolator between the
DUT and receiver, to obtain the noise parameters of the DUT
only. The maximum and the minimum power received with the
sliding short connected, and the reflection coefficient of
the short in the minimum power position, are used to
calculate the optimum generator reflection coefficient.
Estimated noise parameters of a GaAs FET at 9.5 Ghz are
presented (Fy;y=2.5 dB).

Calandra, E.F., Martines, G., Sannino, M., 1984,
"Characterization of GaAs FET's in Terms of Noise, Gain and
Scattering Parameters Through a Noise Parameter Test Set"
The noise parameters of the DUT only are determined using an
isolator and step attenuator connected between the DUT and
the receiver. A one port network analyzer is required to
measure the output reflection coefficients of the DUT. The

noise figure of the isolator is determined from the output
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reflection coefficient of the DUT. The scattering parameters
are obtained from the DUT available gain with a matched
input termination and reflection measurements of the DUT
output.

Adamian, V., Uhlir, A., 1984, "simplified Noise
Evaluation of Microwave Receivers”

In this paper noise parameters are estimated by fitting to a
set of powe:. measurements and a measurement of excess noise
temperature, knowing generator and DUT reflection
coefficients and noise temperature. The noise parameters
estimated here are non-standard and their conversion to
other types of noise parameters is not discussed. This
method requires a matched hot-cold noise source and a set of
lossless offset shorts. The DUT input reflectién coefficient
must be known and can be crudely estimated from additional
measurements of power with the magnitude of the generator
reflection coefficient held constant. The fitting proceduré
involves fitting the the power measurements to a pericdic
non-sinusoidal function.

Pospieszalski, M., Wiatr, W., 1986, "Comments on

'Design of Microwave Gais MESFET's for Broadband, Low Noise
Amplifier'"
The authors comment that in Fukui's paper one of four sets
of measured noise parameters and three of six sets of noise
parameters estimated from a GaAs FET model are nonphysical.
The criteria for physically possible noise parameteis is

discussed.
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Martines, G., Sannino, M., 1985, "Simultaneous
Determination of Transistor Noise, Gain and Scattering
Parameters for Amplifier Design Through Noise Figure
Measurements Only"

This paper describes a method of estimating the noise
parameters, gain parameters and scattering parameters of the
DUT only by employing an isolator and step attenuator
connected between the DUT and the receiver. The receiver
excess noise temperature is estimated from measurements of
the DUT output reflection coefficient. The noise and gain
parameters are estimated from measurements of excess noise
temperature and estimated receiver excess noise temperature.
The DUT S-parameters are estimated from the DUT output
reflection coefficient with various (known) generator
reflection coefficients and the DUT available gain with a
matched generator.

Pospieszalski, M., 1986, "On the Measurement of Noise
Parameters of Microwave Two-Ports”

This paper describes a method of estimating the noise
parameters of a transistor from a series of excess noise
temperature measurements made with a set of quarter wave
transformers. The nbise contribution of the measurement
receiver is removed after the noise parameters have been
estimated, using the correlation matrix description of noise
discussed by Hillbrand and Russer (1976). The ABCD small
signal parameters are used, and the noise of the circuit

elements is described in terms of voltage and current
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generators.

Pospieszalski, M., 1986, "On the Noise Parameters of
Isolator and Receiver with Isolator at the Input”
This paper describes the use of the correlation matrices of
Hillbrand and Russer (1976) and the general approach of
Twiss (1955) to derive a better expression for the excess
noise temperature of an isolator than is currently used in

the literature eg. Martines and Sannino (1982), and Sawayama

and Mishima (1981).



Chapter 2

The Circuit Theory of Linear Noisy Devices
This chapter describes the circuit theory of noisy linear
N-ports, particularly as applied to cascaded two-pofts.
Circuit theory for incoherent signals (noise) differs from
circuit theory for coherent signals in that superposition
does not hold, except in special cases (see below). Most
texts on circuit theory do not discuss incoherent signals.
Probably the most complete presentations are the papers by
the IRE Subcommittee 7.9 on Noise ((2),1960) and by
Hartman (1976). This chapter combines the results of a
number of authors to provide the analytical basis for the
rest of the thesis,

The first part of the chapter reviews the Fourier
analysis of noise based on texts by Carson (1968) and
Papoulis (1965) and papers by the IRE Subcommittee 7.9 on
Noise ((2), 1960), Hartmann (1976), Hecken (1981) and
Adamian and Uhlir (1984). A new notation is introduced which
simplifies the analysis of linear circuits excited by more
than one random signal or excited by both coherent and
random signals.

The second part of the chapter describes circuit models
for noisy linear N-ports. The notation introduced in the
first part of the chapter is used to obtain some useful
results from the literature, thus demonstrating that the
notation is consistent and, at the same time, accomplishing

a literature review. In the last part of this chapter the

17
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new notation is used to derive hitherto unpublished
de-embedding formulae for noisy two-ports. The rest of this
thesis assumes that all devices are linear and that the
signal may be noise. Henceforth the word linear will be
omitted and linearity will be implied.

In the literature no fewer than eleven different sets
of parameters are used to describe excess noise temperature
as a function of the generator immitance. The relationships
between the different parameter sets are often ill-defined,
and to further confuse the issue there are notational
differences between some authors using the same parameters.
This chapter presents a minimum set of parameters, the
relationships between these parameters, and their
relationships to the elements of three linear circuit

models.

2.1 The Fourier Analysis of Noise

The Fourier analysis of noise is reviewed here in order
to establish a notation and to clarify the underlying
assumptions. This analysis is based on that by Carson (1968,
ch. 3), which is a good exposition of the analysis assumed
by Rothe and Dahlke (1956), the IRE Subcommittee 7.3 on
Noise (1960,II), Hartmann (1976), Hecken (1981), and others.
Additional material from Papoulis (1965) has been included.
The use of a separate symbol to indicate a random variable
is not common in circuit analysis and it will become evident

that this approach is very useful,
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Noise is a random signal of voltage, current or
electromagnetic wave which is a manifestation of a random
electrical process (Carson, 1975). The noise considered in
this thesis is a combination of thermal noise and shot noise
acted upon by linear circuit elements. Papoulis (1965) shows
that thermal noise has a normal distribution, and that shot
noise has a normal distribution if its power spectral
density is sufficiently high. In actual noise measurements
it is usually assumed that all the noise has a normal
distribution; this is an assumption that would be very
difficult to prove cor disprove. Random signals with a normal
distribution acted upon by a linear circuit retain a normal
distribution. Thus, all the noise considered in this thesis
will be assumed to have a normal distribution.

For the purposes of the Fourier analysis below the
symbol " " above a variable will indicate a random variable.
Let s(t) be a random signal such as described above; then
<$> will be the time average and E{s} will be the ensemble
average or expected value of s.

The auto-correlation, Rg(r), of a random signal is

defined by:

éi(t)gi(t“r) (2.1)

=Rl
e MR

Rg(7) = E{s(t)s(t-7)} = lim
K-’w = 1

Because s(t) is assumed stationary, E{s(t)s(t-7)} is

independent of the time of observation, t, and

Rg(7) = Rg(-7). Thus Rg(7) has even symmetry with respect to
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7=0. The maximum value of Rg{r) is Rg(0), whi.n ig ¢ n
signal power. Since §(t) is ergodic equation 2.1 can be
replaced by:

1

Rg(7) = <s(t)s(t-7)> = lim 5 s(t)s(t-r)dt (2.2)

N
nat

A=
i
NSy B

Let Gg(f) be the Fourier transform of kg{(7). Then:

jewfr

Re(r) = [ Gs(f) e at (2.3)

-0

Gg(f) is real and positive and symmetric about f=0. By
setting 7=0 we observe that the power spectral density of
s(t) is 2Gg(f).

The signal s(t) can be approximated by a Fourier series

with random coefficients, as follows:

- +o . jn2wfgyt
Be) = 2 Ge0 0 (2.4)

n=-cw

where: §, is the n'th Fourier coefficient of s(t)

Substituting the Fourier series into equation 2.2, and
assuming that the Fourier coefficients are uncorrelated with
each other, Rg(r) is related to the Fourier series

coefficients by:

@ - jn2nfgr
>+ 2% <§8i>el 0 (2.5)
n

Rg(7) = <§ 1

This approximation implies that Rg(r) is periodic in 7.
Papoulis (1965, Ch. 10) shows that the autocorrelation of

the thermal noise generated by a pas..ve one-port is
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proportional to h(|r}), where h(t) is the impulse response
of the one-port, which cannot be periodic. Papoulis (Ch. 13)
also shows that if Rg(7) is not periodic in 7 then the
Fourier coefficients are approximately uncorrelated over
long periods of time,

In the literature, e.g. Carson, it is assumed that each
Fourier component can be considered as a sinusoid of random
phase and amplitude representing the noise in the frequency
interval (n - %)fo to (n + %)fo. The signal power of this

component is:

(n+%)fo .~ ~%
P, = 2I G (£)Af = 2<§,§%> (2.6)
(n—3)fp

Assuming that Gg(f) is constant over the frequency interval,

the effective amplitude of the component is defined as:

Sp = /Py = V2<§,85> = v/ 2£4Gs(nfp) (2.7)

Consider a signal which is the sum of two random
signals with arbitrary (possibly zero) correlation. Let the

time function of the signal be written as:

s(t) = ul(t) + v(t) (2.8)

Since the Fourier series expansion is linear, the Fourier

series coefficients are related by:

§, = O, + ¥, (2.9)

By finding the autocorrelation of each side of this equation
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one obtains:

<§ &> = <0,0%> + <U,U5> + 2Re{<T 77>} (2.10)

In terms of effective amplitudes (see equation 2.7) this can
be rewritten as:

s2 = 2 + vZ + 4Re{<0,V}>} (2.11)

Thus, to find the effective amplitude of the sum of two
partially correlated random signals, it is necessary to know
the effective amplitude of each of the signals as well as
the cross-correlation, <U,Vp>. <0,V;> is a Fourier
coefficient of Ryy(r), che cross-correlation of u(t) and

v(t), which is given by:

T
- vim L 200609 (e-
Rov(r) = lim g I_zu(t)v(t r)dt (2.12)
7
and:
. o~ ® .~ jennfgr
Ryy (1) = <OgVp> + 2 g, 7?0 (2.13)
n=1

Note that |<O,Vp>|< %Unvn. The factor of % appears because
of the definition of the effective amplitude given in

equation 2.7. Two signals are said to be uncorrelated if

<ﬁnV:> = 0, in which case superposition holds for power. 1f
<0, V5> = %IUnan superposition holds for effective

amplitude, as for coherent signals. If neither of these two
conditions apply the signals will add with partial

correlation and equation 2.10 must be used.
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It has been assumed above that noise at different
frequencies is uncorrelated. Thus, noise at different
frequencies may be treated separately and the results
combined by superposition of power. Accordingly, from here
on all analysis will be for a single frequency or narrow
frequency band and the subscript "n", indicating the
frequency multiple, will be dropped from all the Fourier
series coefficients. This being the case 2<00*> becomes the
autocorrelation of U(t) and 2<0V'> becomes the
cross-correlation of u(t) and v(t) in the frequency interval
erom £c - 4% to fc + 5E.

Because partially correlated random signals do not add
by superposition of effective amplitude, the response of a
circuit excited by random signals will differ from that of a
circuit excited by coherent signals. The problem of analysis
has been addressed by several authors. Rothe and
Dahlke (1956) introduced a representation which adds two
noiseless correlation admittances to each two-port in such a
way that the terminal noise generators can be considered as
uncorrelated and other signals are not affected. Haus and
Adler (1958, 1959) extended this representation to &
canonical representation of a noisy N-port. These
representations have been much used when the terminal
quantities are chosen to be voltage and current; however,
they have not been extended to wave representations of a
noisy circuit. Adamian and Uhlir (1984), in an analysis of a

noisy circuit using a wave model, use the symbol "®" to
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indicate addition with partial correlation. This clarifies
which operation is being performed, but there is confusion
as to whether a symbol represents a random variable or its
effective amplitude.

The response of a circuit to a random signal differs
from its response to a coherent signal because the signal is
different, not because the circuit components behave
differently; this difference should be reflected in the
model of the signal rather than that of the circuit. It is
also useful to distinguish determinate values, such as
component values and signal amplitudes, from random
processes. Accordingly the symbol ¥ introduced here will be
a unitless complex random variable which can be thought of
as the phasor representation of a random signal of unity
effectivez amplitude over the bandwidth of observation and
having a normal distribution. The frequency components of
each randoim signal will be expressed as A¥, where A is the
effective amplitude of that component and ¥, embodies all
the statistical properties, including those of distribution
and correlation. For each pair of random signals, ¥; and ¥;,
a cross correlation a;a.= <¢1¢3> is defined. The following
rules must be followed to find the sum of two random
signals:

1. The sum of any two random signals must be another random

signal or zero.
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2. The effective amplitude of the sum is found as follows:

2 2

Then  C2 = a2 + B? + 2aB Refapp} . (2.15)

3. The magnitude of app must be less than or equal to 1.

Bosma(1967) states that the relative delay between the
signals to be added must be significantly less than the
reciprocal bandwidth of observation, or the magnitude of the
correlation will begin to decrease. This may be important
where long line lengths or high . i.e. long decay ti: =,
circuits are used.

The notation introduced above is applicable to wave
models of circuits and to voltage-current models, and also
differentiates between coherent and random signals. It will
be seen that this notation is indispensible to the analysis
of cascaded noisy two-ports performed in the latter part of

this chapter.

2.2 The Noisy Linear One-Port

Consider two passive one-ports connected together via a
lossless pair of conductors. The energy delivered to each
one-port from the other one-port is thermal radiation. It
has been shown by Nyquist {1928) and Kittel (1969) by using
the precepts of quantum mechanics that if the system is in
thermal equilibrium then the spectral density of the power

emitted, i.e. the available power, from each one-port on
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each electromagnetic mode carried by the conductors is:

Wy = A (2.16)

e kTpy - 1
where: f is the frequency of observation
h is Planck's constant
k is Boltzmann's constant
Tpy iS the absolute physical temperature of the

system

For a single mode conductor, and for low frequencies such

that hf<<kT, equation 2.16 reduces to

WA = kTPH (2.17)

The fractional error involved in this approximation is +%%T'
which is 0.02% at 300K and 2GHz, and 0.5% at 10K and 2GHz.
The validity of equation 2.17 was verified experimentally by
Johnson (1928). Under the assumptions just discussed, the
effective amplitude of the terminal noise generator of a

passive one-port is a function of tbh/ physical temperature

and the impedance, and is given her.. r emergent wave,
voltage, and current terminal noise ' — "ators respectively:
By = vV kTpydf (1= |T¢|%) (2.18)

= v 4kTpyA£R; (2.19)

<
(2]
{
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where: Tpy is the physical temperature
Af is the bandwidth
R, is the real part of the generator impedance
ZG
G, is the real part of the generator admittance
YG
I'; is the generator reflection coefficient.
The available noise power spectral density of an active
one-port is commonly described by its noise temperature,
which is the temperature of a passive one-port having the
same impedance and available noise power spectral density.
Thus, the effective amplitude of the terminal noise
generator of the model of an active one-port is also given

by equations 2.18 to 2.20, substituting noise temperature

for physical temperature.

2.3 The Noisy Linear N-~Port

An N-port has 2N terminal variables which can be
modelled either as voltages and currents or as incident and
emergent waves. A linear N-port is modelled by choosing N
terminal variables to be independent and the other N
terminal variables to be dependent. The array of linear
coefficients relating the independent to the dependent
terminal variables are the small signal parameters. If
signals are generated internally, they are modelled by N
terminal generators corresponding to the N dependent

terminal variables.
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The noise generated internally by a noisy N-port can be
modelled by N terminal generators connected to a
non-generating N-port characterized by small signal
parameters (just as for any other internally generated
signal). However, when modelling internally generated noise,
the terminal noise generators may have some
cross-correlation. Noise generated by physically separate
devices is assumed to be uncorrelated so that the noise
power generated by each device can be found independently
and added.

From the discussion above it can be seen that an N-port
device can be described by 2NCN sets of small signal
parameters, if all the parameter sets can be used. The
terminal generators corresponding to different sets of small
signal parameters are linearly related., If the terminal
generators are noise generators then equations 2.14 and 2.15
must be used to relate the effective amplitudes.

When the terminal quantities are chosen to be voltages
and currents, two common choices of small signal parameters
are impedance or Z parameters (the dependent variables are
terminal voltages) and admittance or Y parameters (the
dependent variables are termiﬁal currents). The small signal
equations for these two parameter sets are given in matrix

form below:

<

= 2i + Diag(¥z)yg (2.21)

gz = <¥z x ¥3> (2.22)
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i = Yv + Diag(¥y)iy (2.23)
gy = <Py x ‘_l_’:(> (2.24)
where: is the vector of terminal voltages

v

i is the vector of terminal currents

Z is the array of Z-parameters

Y is the array of Y-parameters

v, is the vector of effective amplitudes of the
terminal noise vdoltage generators

¥, is the vector of random signals of the
terminal noise voltage generators

iy is the vector of effective amplitudes of the
terminal noise current generators

¥, is the vector of random signals of the
terminal noise current generators

@, is the matrix of auto correlation and cross
correlation coefficients associated with the
terminal noise voltage generators

gy is the matrix of auto correlation and cross
correlation coefficients associated with the
terminal noise current generators

The corfesponding circuit models are shown in fiqure 2.1 and
figure 2.2.

When the terminal quantities are chosen to be incident
and emergent normalized waves the emergent waves can be
chosen as the dependent variables, in which case the
parameter set is called the scattering or S-parameters. The

S-parameter small signal equations for a noisy N-port are:

b = Sa + Diag(¥g)bg (2.25)

gs = <¥g x ¥g> (2.26)
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Figure 2.1 The Z-parameter Representation of a Noisy N-port
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Figure 2.2 The Y-parameter Representation of a Noisy N-port

where: a is the vector of incident waves

b is the vector of emergent waves

S is the array of S-parameters

bg is the vector of effective amplitudes of the
terminal emergent noise wave generators

¥ is the vector of random signals of the
terminal emergent noise wave generators

@g is the matrix of auto correlation and cross
correlation coefficients associated with the

terminal emergent noise wave generators

A noisy N-port can be represented by the flow diagram in
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figure 2.3.

The power spectral density of the terminal noise
generators associated with a noisy N-port is commonly
described using the passive noisy one-port as a model,
choosing either a reference impedance or a reference
temperature to be used in eguations 2.18 to 2.20. If the
terminal noise generators are chosen to be voltage or
current generators, a reference temperature of 290K,
represented by the symbol Ty, is commonly chosen and the
power spectral density is described as a resistance or a
conductance. If the terminal generators are chosen to be
wave generators, the reference reflection coefficient is
commonly chosen to be zero, and the power spectral density
is described as a temperature. The effective amplitudes of

terminal generators of noisy N-ports (for N > 1) are given

by:
v = /4kAEToR (2.27)
I = m (2.28)
B = /m (2.29)
A = V KAET, (2.30)

2.3.1 The Noisy Linear Two-Port
Consider a noisy two-port in cascade with a noisy
one-port (the "generator") delivering power to a receiver of

narrow bandwidth and arbitrary immitance. Suppose the noise
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Figure 2.3 The S-parameter Representation of a Noisy N-port

generated by the two-port is attributed to the generator.
The resulting apparent increase in the noise temperature of
the generator is called the excess noise temperature, Tg, of
the two-port. It will be seen below that the excess noise
temperature of a two-port is a function of the generator
impedance and four noise parameters.

A linear noisy two-port may be represented by twelve
sets of small signal parameters and corresponding terminal
generators (six sets using terminal voltages and currents
and six sets using incident and emergent waves). Only three
of the possible twelve representations are used in this
thesis. Because the effective amplitude and the correlation
properties of a particular terminal generator depend on the
choice of the other terminal generator, it is important to
establish a clear notation. The notation which will be used
in this thesis is given in Table 2.1. The symbols R, and gy
are in accofdance with'common usage in the literature. The

other symbols listed do not conflict with common usage, SO



Table 2.1

Common
Name of
Parameter
Set

ABCD
S

T

Notation for Noisy Two-ports

Dependent
Variables

iy

aj

Terminal
Generators

Ic¥ic Ve¥ye
Bg1¥s1  Bga¥s2

Ap¥ar Bp¥pr

Power
Spectral
Density

far as the author is able to determine. The

cross-correlation coefficients are defined as:

ac

as

ar

<¥yc¥ic>
< *>
¥g1¥s2

*
<¥pp¥pr>
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Corre-
lation
Coeff.

xc
as

ap

(2.31)

(2.32)

(2.33)

An equation relating the excess noise temperature of a

two-port to the generator impedance, admittance or

reflection coefficient is nonlinear and has four parameters,

called noise parameters. Equations of this sort (and sets of

noise parameters) are presented by Rothe and Dahlke (1956),

the IRE Subcommittee 7.9 on Noise (1960,I1I), Lange (1367),

Adamian and Uhlir (1973), Carusc and Sannino (1978),

Meys (1978), Hecken (1981), Weinreb (1982),

Pospieszalski (1984), and others. The twelve eguations

presented by the above authors can be reduced to a minimum

set using a common set of parameters.
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1f the terminal generators representing the internally
generated noise of a two-port are both chosen to be at the
port connected to the generator termination ‘then they can be
included with the generator without further considering the
small signal parameters of the two-port. This choice of
terminal generators corresponds to ABCD parameters for a
voltage-current model (shown in figure 2.4) and T-parameters
for a normalized wave model (shown in figure 2,5). If the
two-port terminal noise generators are included with the
generator, the three noise generators now considered part of
the generator can be replaced by a single noise generator
whose noise temperature must be increased so that the
voltages and currents at terminals 1'-1' or the wave
variables aé reference plane A;-B; remain unchanged.

First consider the voltage-current analysis. The open
circuit voltage at terminals 1'-1 is giver by:

VOC‘POC = VGq’VG - VC‘pVC - Icq‘lczc (2.37)

Finding the autocorrelation of this equation and assuming
that the noise generated by the two-port is not correlated

with the noise generated by the one-port results in:

2 2

2 2 2
Voo = Vg * Ve * Iclzcl

+ 2VcIcRe{acZs} (2.38)
The quantities in equation 2.38 can be written in terms of

power spectral densities given by equations 2.19, 2.27 and

2.28 and we can substitute

V2 = 4KAf(T +Tg)Rg. (2.39)
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With these substitutions equation 2.38 becomes:

2 %
R, + 2 + 2¢V R Ref{acZ }
Ty = Tg n Sn | 26| n9n cég (2.40)

Rg

In the same manner if a Norton equivalent circuit is used to

represent the generator one obtains the result:

2
+ R, |Y + 2V R Re{a~Y }
Ty = To 9n nl ¥l n9n cle (2.41)

Gg

Equation 2.40 and equation 2.41 can be rearranged into
equation 2.42 and equation 2.43, which are equivalent to the

equations derived by Lange (1967):

2
2.-2
TE = TMIN + TN 'L—G__—OEEL— (2.42)
4RsRopr
2
Y.-Y
TE = TMIN + TN J'—G_QELL- (2.43)
4GGGOPT

wvhere: N (as defined by Lange) is related to Ty by:

Lange (1967) has shown that Ty;y and Ty are invariant to a
iossless transformation and that Yopr and Zopr are
transformed in the same way as Y; and Z;. From the condition

lac] £ 1 it can be shown that (Pospieszalski, 1984):

0 £ Tyin € Tn {2.44)

A similar procedure can be followed for the wave

analysis by finding the emergent wave into a reflectionless
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termination at reference plane A;-B;:

BOIPBO = BG\PBG + ATq‘AT + FGBT‘PBT (2.45)
where: Bg¥pp is the emergent wave into a reflectionless
termination.
Finding the autocorrelation of equation 2.45 results in:

B3 = B2 + a2 + B2|r|? + 2ApBpRe{aqle} (2.46)

Substituting the power spectral densities from
equations 2.18, 2.29 and 2.30 and replacing the effective
amplitude of the equivalent noise generator by:

B3 = kAf(T,+Tg) (1-|T|%) (2.47)

equation 2.46 becomes the equation first obtained by

Meys (1978):

*
Tar * TBTIPG|2 + 2/ TparTgrRe{aqls}

TE=
2
1= lrc|

(2.48)

Meys has shown equation 2.48 can be rearranged into the

following form:

2
r, -Tr
Te = Tuin * Tp Il ngl (2.49)
1 'lrsl
This is equivalent to the form:
2
r, - r
ITe - Topr| (2.50)

T=TM + T )
" " ¥ [1 '|I'<;|2][1 ‘|FOPT§2]

This equation was derived by Caruso and Sannino (1978) from

equations 2.42 and 2.43. Ty and Ty;y are the same constants
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as in equations 2.42 and 2.43 and Fgpr is transformed by a
lossless transformation in the same way as Fg.

In the course of the algebra performed to arrive at
equations 2.42 and 2.43 and equation 2.50 the relationships
between sets of noise parameters are obtained. Let any
cross-correlation coefficient be given by @ = & + jy. The
relationships between the noise parameters of equation 2.42,

equation 2.43 and the circuit of figure 2.4 are:

Tuin = 2ToV Ry9n [1/1'7(2; + 5(;] (2.51)
Ty = 4TV Rngp (1-78) (2.52)
- a1
2
Yopr = i-"- [t/1-v§ + jyc] (2.53)
b n-
®, |2
Zopr = ) 1-y¢ - jvc] (2.54)
NP

The relationships between the noise parameters of
equation 2.50 and those of equation 2.48 are (derived from

Meys (1978) and Weinreb (1982)):

Ty = V(Tar + Tpp)*- 4TacTerlar|® (2.55)

Tap = Tgp + Ty

TMIN = (2.56)

Tap + Tpp + Ty
2

Tp = (2.57)
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—am V TanT
Fopy = — 2B (2.58)
Tp

The inverse relationships are:

Tgr = Tp - TMIN (2.59)
2
Tar = TplTopr|® + TMINn (2.60)
_ “Topr Tp

aT - (2'61)
V TarTpr

where: Tp = Ty

2
1-|Topr |
Note that Ygpp, Zopps and Fopp are all strongly dependent on

the cross correlation coefficients and are related by:

1

YOPT = z (2.62)
OPT
Z - 2

fopr = ZopT %0 (2.63)
ZopT * Zp

2.3.2 The Noise Parameters of a Passive Two-port

The excess noise temperature of a passive two-port is
determined by its available gain and its physical
temperature., If wr imagine such a two-port connected in
cascade with a pessive one-port of the same physical
temperature, the noise temperature at the unterminated port
of the two-port must be the physical temperature of the

composite one-port. From these considerations one can
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determine that the excess noise temperature is given by:

= - 1] (2.64)

where: G, is the available gain of the two-port

Tpy 1S the physical temperature of the two-port.
It is possible to determine the noise parameters of a
passive two-port from its absolute temperature, Tpy, and its
small signal parameters. Many authors, for example Haus and
Adler (1959), Penfield (1962) and Hecken (1981), ignore the
cross correlation coefficient because it can be shown that
for an appropriate choice of characteristic impedance the
cross correlation between noise wave generators is zero. The
appropriate value of the characteristic impedance depends on
the small signal parameters of the two-port being modelled.
When analyzing a circuit consisting of a number of two-ports
it is hardly convenient to work with waves normalized with
respect to different, arbitrary impedances. Wait (1968)

gives the noise parameters of a passive two-port as:

Ty = Toy L1 = |s111% = [s12]2] (2.65)

Tsp = Teu L1 - [s221% = 5211 (2.66)
-7 [S S* + s S*]

ag = —28 11521 12522 (2.67)
l/Ts1Tsz

where: Tpy is the physical temperature of the two-port.
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2.4 Cascaded Noisy Two-ports

The noise parameters of a cascade of two noisy
two-ports can be determined from the noise parameters of
each of the two-ports and the small signal parameters of one
of the two-ports. That relationship will be derived in this
section, using incident and emergent waves as the terminal
quantities. These equations will then be solved for the
noise parameters of each of the constituent two-ports,
enabling one to de-embed a two-port from a cascade without
using any additional equipment to separate the noise
contributions of the various elements of the cascade. This
approach, although very simple, had not previously been
reported in the literature but has now been published (Valk
et al.,1988) This approach to de-embedding will be used in
this thesis to de-embed the transistor from the receiver and
from the lossy lines used to pass signals into the cryostat.

Engberg (1974, 1985) published formulae which can be
used to find the noise parameters of a noisy two-port
embedded in a lossy feedback network and to find the noise
parameters of noisy two-ports in cascade and in parallel.
These results were obtained in terms of ABCD parametzrs and
the represenation of noise generators introduced by Rothe
and Dahlke (1956). Some of Engberg's results »72 very
difficult to solve for de-embedding and Engberg does not
report using his formulae for that purpose. The formulae
derived below are solved for de-embedding and are written in

terms of the noise parameters of a wave representaton , i.e.
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Tar, Tpr 2nd ap.

Figure 2.6 shows the two-ports in cascade, the terminal
quantities, and the terminal noise generators associated
with the T-parameter representation. Figure 2.7 shows the
terminal generators and terminal quantities of the two-port
equivalent to the cascade. The small signal equations for

two-ports "A" and "B" are:

bia < .tllh tiza(]a2a + +Ba¥pTa (2.68)
[31al L ta1a t2zailb2,] | ~Aqa¥aT,
3 \ - e . \
bis = ti1p tizs|lazs + +Byy¥pTs (2.69)
8 4B [t21p t22s) [ b2s) | ~Aps¥aTs )

From figure 2.6 it can be seen that aj,=b;; and bj,=aqs.
Using these relationships equation 2.69 can be substituted

into equation 2.68 with the result:

[bu] - [tﬁn tlZ:][tHn tlZsHaZs] . (2.70)
21a t21a t22allt215 t22sllb2s
[t1u t12:“+BTn‘PBTa] . [*B'm“’n'm]
t21a t22a]1~Ars¥ars ~Ap\¥aTa

Comparing figure 2.6 and figure 2.7, it can be seen that
bic=bya, @3c=21a, b2.=by; and aj.=az,. Using these
relationzhips the quantities in equation 2.70 can be
identified with guantities in the small signal equation for

the cascade:
. [b1c] - [tﬂc tlZ(j[aZC] + [*BTC'I'BTC] : (2.71)
aic t21c t2zedlb2c ~Apc¥arc

The following relationships are obtained from the
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Figure 2.6 The Terminal Noise Generators of Noisy Two-ports
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Figure 2.7 The Terminal Noise Generators of the Two-port
Equivalent to a Cascade of Noisy Two-ports

comparison:

Bre¥pre = Bra¥prstiia = Ars¥amstiaa + Bra¥am (2.72)
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ATC‘PATC = "B'rn‘l‘n'ratzu + ATBq’ATBtZZA + ATA‘!’ATA (2.73)

Note that these relationships are independent of the small
signal parameters of two-port "B". Finding the
autocorrelation of equation 2.72 and shbstituting the
relationships of equations 2.29, 2.30, and 2.33 (and
assuming that the noise generated by two-port "A" is
uncorrelated with the noise generated by two-port "B")

results in:
= 2 4 Pamltqa|? *+ T (2.74)
Tare = Tareltiial aTslt12al BTA .

/ *
= 2V TersTaTs Re{aTBt11At12A}

Similarly, from equation 2.73:

2 2
Tare = Tarslt21al® * Tarslt22al™ * Tama (2.75)

%*
- 2/ TgrsTats Relapstaiatazal

With the same substitutions and assumptions the
cross-correlation coefficient can be found from the

crosscorrelation of equation 2.72 and equation 2.73 to be:

1 / *
Qpe = /'—'_——— [“TA TeraTara ~ Tersti1at2ia (2.76)
TareTBTC

* 3 % %
- Tapstizatzza * V TarsTams (amatizataia * aTBt11At22A)]

Equations 2.74, 2,75 and 2.76 can easily be solved for Tapa,
Tppa and ag,, thus de-embedding two-port "A" from the
cascade (see Valk et al., 1988). This important result will
be used in later parts of this thesis to de-embed the

transistor from the receiver.
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Solving for Taps, Tppe and agq, is more difficult. The
(attempted) solution of equations 2.74, 2.75 and 2.76 for
these noise parameters is very tedious and complicated. A
better strategy is to proceed by solving equation 2.72 and

equation 2.73 for Bpy¥ppy and Apy¥pps:

t
Bps¥pre = [ 222 ][BTcwaTc (2.77)
tiiat2za — ti2at21a

t12a ti2s
+ Apc¥arc—— ~ A ¥ara - Br,¥p7a

t22a ta2a
t11at22a ~ ti2at21a
ATB*ATB = [ — —— BTC‘pBTC (2.78)
t21a
t11a £11a
+ Apc¥pape—— ~ Aq¥papy— - Bra¥pma
t21a t21a

These eguations are much simplified by converting the small

signal parameters to reverse transfer scattering parameters.

These are defined by:

b
[ 2] = [r” r”][a‘ ] (2.81)
az ra1  rzz2llb;

The following cross-correlations, which are required below,

can be found from the cross-correlation of equation 2.72 and

equation 2.73 with ¥,p, and ¥pp,:

A
gt V.5 (2.79)

t
<¥ppc¥ama> = N
Te
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B

<¥prc¥pra> = e (2.80)
Bre
A

<q’ATc'P;TA> = 2 o, (2.82)
Aqc
B
Brpe

Finding the autocorrelation of equation 2.77 and
equation 2.78 and using the substitutions mentioned above

results in:

2 2
Ters = |T22a|°(Tame = Tema) * |r21al“(Tarc = Tara) (2.84)
- 2Ref t  lomey TareT - amt’ TaraTams 1}
eiriara2alamcy 1prciaTC aqV TpTatATA
and:
2 2
Tars = |F12al“(Tare = Tama) * |711al(Tazc = Tara) (2.85)

* / /
- 2Re{r11hr12A[aTC TprcTare =~ @raV TBTATATA ]}

The cross-correlation coefficient can be found from the
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cross~correlation of equation 2.77 and equation 2.78:

1 *
Qpp = [t12Ar22A(TBTA - TBTC) (2.86)
V TarsTeTs

*
* 128212 (Tara — Tarc)

/ . Y ¥ *
+ V TppcTare (T12aT¥21a@7c + T11af22207c)

* L 3 *
= V TpraTi . (r12aT21aam, + r11Ar22AaTA)]

Using equations 2.84, 2.85 and 2.86 two-port "B" can be
de-embedded from a cascade. This important result will be
used later to de-embed the transistor from the lossy input
lines used in cryogenic measurements.

It should be noted that Engberg's(1985) results are
easily solveable for the noise parahgters of two-port "A";
however, they would be difficult to solve for the noise
parameters of two-port "B". If required, the results derived
by Engberg (1985) for noisy two-ports in parallel can be
easily solved for (parallel) de-embedding. These results may
be required to de-embed the transistor from a lossy fixture
model. Engberg's formulae for a noisy two-port embedded in a
lossy feedback network do not appear to be easily solveable
for de-embedding, and also assume that the feedback network
is at 290K. If these relationships must be derived for other

network physical temperatures, or if they must be solved for



de-embedding, it may be ex-:dient to st.~t from scratch

using the notation introduced i i hiy chapter.
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Chapter 3

Estimation of Noise Parameters
This chapter begins with an overview of the noise parameter
measurement problem, and a review of conventional noise
parameter measurement technigues. An improved measurement
method which does not suffer from the systematic errors of
the conventional method is presented. Two new methods of
accounting for receiver noise are introduced. The use of the
singular value decomposition to estimate the sensitivity of
the estimated noise parameters to measurement errors is also
introduced. Finally, improved methods of calibrating the
noise temperature of a mismatched noise generator are

discussed.

3.1 Overview of the Noise Parameter Measurement Problem

The configquration used to measure the noise parameters
of a two-port (called the "device under test" or DUT) is
shown in figure 3.1. In general the receiver must have high,
adjustable gain, narrow bandwidth, and low excess noise
temperature. The bandwidth is assumed sufficiently narrow
that thé noise and small signal parameters of all other
system compcnents are constant over the bandwidth. The

effective bandwidth is given by:

Af =J Graec(f) 4 (3.1)
0 GTch(fO)

49
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Noise Generator
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Figure 3.1 The General Configuration for Noise Measurements

where: Grgee is the transducer gain of the receiver

fg is the nominal operating frequency of the

receiver

The receiver gain must be high and adjustable so that the

noise within the system bandwidth can be adjusted to

indicate near full scale of the power meter.

Each of the four system components generates some

noise. The noise generated by the power meter is usually of

no consequence due to the high receiver gain; alternatively

because the receiver is unilateral any noise generated by

the power meter is fixed and can be attributed to the

receiver. By either argument the power meter can be

considered noiseless. The power measured by the power meter

can be given as:

P = KAE ((T+Tour) GaporGraec* TrecGTrec)

(3.2)



51

where: Kk 1is Bolizmann's constant
Te is the noise temperature of the noise
generator
Gapor 15 the available gain of the DUT
Teee 15 the excess noise temperature of the
receiver
T 1S the excess noise temperature of the DUT,
Toor @Nd Gppyr are functions of the reflection coefficient of
the noise generator, Iy, and Ty, and Gpgzc are functions of
the reflection coefficient presented to the receiver input,
which is a function of I'; and the S-parameters of the DUT.
Power measurements in the configuration of figure 3.1,
using noise generators of fixed reflection coefficient and
variable noise temperature, are sufficient only to determine
one of the excess noise temperatures and one gain in
equation 3.2. Equation 3.2 can be rewritten in terms of the
parameters of the composite two-port consisting of the DUT
and the receiver (called the "receiver under test" or RUT)

as:

where: Ty, is the excess noise temperature of the RUT
Gpgyr 1S the transducer gain of the RUT.

Tpor @8Nd Gppyy are functions of I';. By comparing equation 3.2

to equation 3.3 we see that

Graur = GapurGrrec (3.4)
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and

T

ADUT

The important problem of how to account for the
receiver noise must be dealt with by any scheme to measure
Toyre 1N order to determine Ty, using equation 3.5, one must
know Tgecr Trur @and Gapyy for the same noise generator
reflection coefficient. This problein becomes more sensitive
to measurement error when the DUT output is mismatched.

In order to f£ind the noise parameters of the RUT, which
dmscribe the variation of T, as a function of I;, power
measurements must be made in the configuration of figure 3.1
using a number of different known values of noise generator
noise temperatures and reflection coefficients
{Supta, 1983). Both the method of finding noise parameters
"and the method of accounting for receiver noise depend in
part on the choice of noise generator. It is convenient to
choose the noise generator so thgt the noise temperature and
reflection of some of the states are known a-priori. It is
usually not difficult to measure the reflection coefficient
of a noise generator; however, measuring the noise
temperature of a noise generator accurately can be
difficult, especially if its reflection coefficient is
large.

‘The conventional type of noise generator used for noise

measurements is capable of assuming one of two noise
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temperatures while maintaining substantially the same
reflection coefficient. The reflection coefficient is
usually small. The two states are typically known as "hot"
(for high noise temperature), and "cold" (for low noise
temperature), and these noise generators will be referred to
as "hot-cold" noise generators in this thesis. Hot-cold
noise generators in which the noise is not thermally
generated, e.g. hot-cold noise generators which are on,
require noise temperature calibration near each frequency of
interest.

Some authors, e.g. Fanelli (1983), Weinreb (1982),
Adamian and Uhlir (1973), Meys (1978) and others have
developed measurement schemes using passive devices with
fixed noise temperature but variable reflection coefficients
as noise generators. The great advantage of these noise
generators is that their noise temperature can be determined
from their physical temperature., These measurement schemes
require unconventional methods to estimate noise parameters.

The noise generators with variable reflection
coefficient referred to above have a common disadvantage in
that the reflection coefficient is controlled by mechanical
means, i.e. bf adjusting a tuner or a sliding short or
replacing a termination. This is a great disadvantage when
one is attempting to measure the noise parameters of a
device at cryogenic temperatures. If the noise generator is
located inside the cooling apparatus (cryostat) with the

DUT, then provision must be made to manipulate the tunming
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apparatus from outside the cryostat, or the cryostat must be
cycled every time the reflection coefficient is changed. If
the noise generator is located outside the cryostat then the
noise contribution of the transmission line from room
temperature to cryogenic temperature must be accounted for,
which is also a matter of considerable difficulty. In either
case, unless the tuning apparatus is constructed so that the
settings are repeatable, the reflection coefficient of the
noise generator must be measured after every adjustment of

the tuning apparatus.

.3.1.1 The Multiple Impedance Load

Leake (1982) described a broad band microwave load
having a reflection coefficient which can be set to one of
sixteen values using D.C. control voltages and currents of
small amplitude. Leake suggests that the excess noise
temperature of such a load is small (experimental methods
and accuracy not stated) which implies that the noise
temperature of the load should be egual to its physical
temperature. Because of its repeatability and because the
noise measurements can be completely controlled by computer,
this device is potentially very useful for cryogenic noise
measurements. Also, its use should result in a decrease in
measurement time and in reduced susceptibility to human
error.

A load of the type described by Leake, to operate in

the 1.2 GHz to 1.8 GHz band was built by the author, with a



10dB coupler incorporated as shown in figure 3.3:. The
construction of this load is described in chapter %. Sixteen
distinct values of reflection coefficient are available at
port 2. A hot-cold noise generator connected to port 1 will
also allow the noise temperature at port 2 of the load to be
varied, thus allowing the load to be used in the
conventional method described below. With a noise generator
connected to port 1 the noise temperature at port 2 of the

multiple impedance load is:

Te = (Tuc * Twin)Gaun (3.6)

where: Gp,,; is the available gain from port 1 to port 2
Tyc ic the noise temperature of the hot~ccld
noise generator
Ty, 1S the excess noise temperature of the
multiple impedance load (referred to port 1)
T, is the noise temperature of the composite
noise generator (at port 2 of the multiple
impedance load).
The first prohlem which had to be solved after building the
multiple impedance load was measuring the excess noise
temperature of the load. This was difficult because the load
has -6 dB to ~10 dB available gain and a large mismatch at
port 2, depending on the frequency and the state of the
load. As a result the receiver noise had to be carefully

accounted for in the measurement.

1f the Leake load behaves as a passive device Ty, is
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Leake 10 dB Port 2
Load

| __Port 1

Figure 3.2 The Multiple Impedance Load

given by equation 2.64 so that equation 3.6 is reduced to:

Te = TucGamin*Ton ( 1-Cawrr,) (3.7)

vhere: Tpy is the physical temperature of the multiple
impedance load.

1f T, is substantially different from tha2 physical
temperature then T, must be calibrated. Since Gpy, varies
from -6 dB to -10 dB across the 1.2 GHz to 1.8 GHz band of
operation and also depends on the state of the multiple
impedance load, T, must be calibrated at each frequency of
operation and for each state which will be used with T, not

equal to the physical temperature of the load.

2.2 The Conventional Method of Noise Parameter Estimation
The conventional method is described by many authors,
for example the IRE Subcommittee 7.9 on Noise (1959),

Lange (1967), Lane (1969), Caruso and Sannino (1978),



57

Lane (1982), &rd Martines and Sannino (1985). This method
uses a hot-cold noise generator and a two-port tuner to
measure the excess noise temperature of the RUT for
different generator reflection coefficients. To obtain a
calibrated hot-cold noise generator with a variable
reflection coefficient a lossless tuner can be connected to
a calibrated noise generator. If this tuner (sometimes
called the input tuner because it is located at the DUT
input) is indeed lossless then its available gain will be
unity and the noise temperature of the composite noise
generator will be that of the calibrated noise generator. At
microwave frequencies slide screw and stub tuners are often
used.

Consider the configuration of figure 3.1 when the noise
generator is a hot-cold noise generator whose reflection
coefficient is the same in both states. Then the quantities
Tror 8N8 Gprpyr in equation 3.3 will be the same for the hot
and the cold states of the noise generator. Let Y be the
ratio of the power measured with the noise generator in the
hot state to the power measured with the noise generator in

the cold state. From eqguation 3.3 Y is given by:

y = 2aur (3.8)
Tc+TRUT
where: T, is the noise temperature of the noise
generator in the hot state
T. is the noise temperature of the noise
generator in the cold state
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This equation can be manipulated to obtain:

T, ~¥T,
Tror = 7 . .
¥-1

(3.9)

The - vigve parameters of the RUT can be determined by
measuring Tpyy with different values of I';. One can search
for the minimum Ty, while varying I; as described by the IRE
Subcommittee 7.9 on Noise (1959), Lange (1967) and others.,
The minimum value of Tgpy is Tyry and the corregrending value
of T¢ is Tgpp. Topr can be difficult to determine accurately
since the gradient of Ty, With respect to I, approaches zero
near I'; = Topp. Ty can be found by measuring the excess
noise temperature for one different, known, value of Ig.

Improved methods are described by Lane (1969),

Gupta (1978), Csruso and Sannino (1978), and others.
Measurements of Ty, are made for a redundant set of
arbitrary (known) values of Ty using the procedure
described above. The noise parameters can be obtained by an
iterative search for the minimum error in equation 2.50 as
described by Gupta (1979) and Mitima and Katoh (1979), or
equation 2,50 can be linearized and a least squares fit
performed as described by Lane (1969) and Caruso and
Sannino (1978). There are some sets of values of Iy which
cannot be used to uniquely determine a set of noise
parameters. These singular loci are described by Caruso and

Sannino (1978) and Gupta (1983).
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3.2.1 Systematic Errors

There are two systematic errors in the conventional
method due to the non-idealities of hot-cold noise
generators and loss-less tuners. The reflection coefficient
of a practical hot-cold noise generator undergoes a small
change between the cold and the hot state'? causing Gqgzy, and
Taur tO change. Also, even the best tuners have a small loss
(strid, 1981), dependent on the tuner setting. As a result
the noise temperature of the composite noise generator
differs from that of the hot-cold noise generator,
especially in the hot state. If these changes are not
accounted for, substantial errors in the excess noise

temperatures and noise parameters can occur.

3.2.2 The Conventional Method Implemented with the Multiple
Impedance Load

The.systematic errors inherent in the conventional
methkod of noise parameter estimation are reduced if the
conventional method is implemented using a composite noise
generator consisting of a hot-cold noise generator connected
to port 1 of the multiple impedance load. This configuration
can be used as a hot-cold noise generator with sixteen
possible reflection coefficients. The available gain from
port 1 to port 2 of the multiple impedance load varies from
-6 dB to -10 dB; the change in reflection coefficient at

‘Hewlett Packard 346A, 346B, 346C Noise source Operating and
Service Manual, 1983, Hewlett Packard Co., California

: AILTECH 70 Hot-cold Standard Noise Generator Manual,
AILTECH New York
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port 2 of the multiple impedance load due to the change in
the reflection coefficient of the hot-cold noise generator
is attenuated by this amount, thus reducing unwanted
variations in the transducer gain and excess noise
temperature of the RUT. Because of these same high losses,
the "hot" noise temperature of each state of the composite
noise generator must be calibrated. Since each of the
sixteen states must be calibrated for "hot" noise
temperature at each frequency of interest, this method can
be. um» impossible if the calibration method is too time
consuming. If the "cold" noise temperature can be assumed to
be the physical temperature of the multiple impedance ioad,
and if that does not differ appreciably from the "cold"
noise temperature of the hot-cold noise generator, then the

"c0ld" noise temperature need not be calibrated.

3.3 Noise Parameter Estimation by Linear Regression of Power
Measurements

It is in some cases necessary to estimate noise
parameters using a noise generator which cannot assume
different noise temperatures for a given reflection
coefficient. In this situation excess noise temperatures
cannot be determined directly, and the noise parameters must
be estimated directly from the power measurements. The
method which is introduced here is based on an idea
introduced by Adamian and Uhlir(1973) but the implementation

is quite different. A short description of this method is
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"linear regression of power measurements referred to the
generator" and so this method will be referred to as the
"LRPG" method. The measurement procedure must be performed
at each frequency of interest and requires noise generators
of various noise temperatures and reflection coefficients;
however, hot-cold noise generators are not required. In
addition the input reflection coefficient of the RUT must be
known. This method can be implemented using the multiple
impedance load with a hot-cold noise generator connected to
port 1, and can also be implemented using the multiple
impedance load and a separate "hot" noise generator.
Alternatively, it can be implemented using a calibrated
"hot" noise source and a separate (not necessarily lossless)
tuner. The method is insensitive to non-idealities of
hot-cold noise generators and tuners. The computational
complexity is similar to that of the least squares fit of
the conventional method and is less than that of the
conventional method corrected for non-idealities of the
hot-cold noise generator and tuner.

Consider the configuration of figure 3.1, where the
noise parameters of the RUT are unknown. The objective is to
estimate the noise parameters from a set of noise power
measurements and a minimum set of scattering parameter

measurements. The transducer gain of the RUT is (from
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Gorvzalez, 1984):

2
2 1-IPLI
2
| 1-822T |

2
1"|r<;|
2
I"rcrxul

GTRU'I‘ =

is211 (3.10)

where: s»7 and sy are scattering parameters of the RUT
r, is the reflection coefficient of the load
(power meter)
I, is the reflection coefficient of the
generator
r,, is the input reflection coefficient of the
RUT.

Note that the second and third factors are not a function of
I, and are therefore the same for all measurements. It will
become obvious that s;q, S22 and I'y remain unknown. The
excess noise temperature of the RUT can be written as:

2
|Ts=Topr|
2
1-IFGI

TRUT = TMIN + TD (3.11)

where: Tyrn, Tp and Topr are the (unknown) noise
parameters of the RUT.

Equation 3.10 and equation 3.11 can be substituted into

equation 3.3 and rearranged to obtain:

2 2

1-T,, T r-T
) l——‘—"——z"’—l— = kA£G (T + Twin *+ Tb LY °‘;T| ) (3.12)

1-|T| 1-| Tl

where
2
1-|T

Go = Is211? Tl (3.13)

2
[ 1-522T |

Let a number of power measurements be made with a number of
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n¢- ;e generators with various values of T, and Iy.

Corresponding to the ith

measurement there will be a set of
known values P;, T, and Ig;. After some manipulation
(similar to those of Caruso and Sannino, 1978) to reduce the
number of terms, equation 3.12 can be rewritten in linear

form as:

2
I 1 'rmrci |

2 = kAfGO(TMIN - TD + TGi + (3.14)
1= T |

2 2
1+UOPT+VOPT'2WﬁUOPT'ZVmVOPT)

2 2
1-ug; -vg;

where: Ty = ug + Jvg;

Fopr = Yopr * JVopr
the unknowns are Tyin, Tp: Topr and kA£Gy

Assuming only that TI';, is known, equation 3.14 can be

rewritten in a standard linear form (Bard, 1974):

where the (known) variables in equation 3.15 are given by:

2
1-T;ne;
v, = p, L fwlal ;’I (3.16)
1"|rci|
Xy =1 (3.17)
Xy = Tg; (3.18)
1

2
1-Ug; = Vg
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Xg; = -;-5-—3- (3.20)
1=Ug; ~Vg;
Ve

X5, = ——LE—_7T (3.21)
1=ug; ~Vg;i

The (unknown) coefficients in equation 3.15 are given by:

©, =kAfGy (Tyin~Tp) (3.22)
0, = kA£G (3.23)
8; = kAfGETp (1+udpp+vdpr) (3.24)
64 = -2kAfGyTpuppr (3.25)
85 = -2kA£GoTpVopr (3.26)

The dependent variable in the linear equation is Y,,
and the independent variables are Xx; (K=1,2,3,4,5). If five
or more sets of measurements are taken with a set of
non-singular values of I'y; (Gupta, 1983) then the
coefficients of the linear equation can be solved for by
least squares fitting. It should be noted that since Y; is
"approximately proportional to the generator noise
temperature, (see equation 3.14 and equation 3.13), the
least squares fitting procedure will approximately minimize
the RMS error in excess noise temperature.

Once equation 3.14 has been solved to find the
linearized noise parameters, ©; through 5, equations 3.22
to 3.26 must be inverted to find a set of noise parameters.

The original set of noise parameters in equation 3.12 can be
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determined from:

1

T, = — (83 + V6% - 82 - e ) (3.27)
20,
2]
TMIN = —1— + TD (3.28)
-7)
0, + j06
Fopr = - ke TR (3.29)
ZGZTD

The other unknown in equation 3.12 can be determined from:
kafGg = 65 (3.30)

An important caveat is that there be no constraints on the
least squares fitting procedure to ensure that the
linearized parameters can be inverted or, if they éan be
inverted, that the noise parameters are physically possible.
It should be verified that: 0 < Ty;y €< Ty , where Ty is a
noise parameter found in equation 2.50. Ty can be directly

determined from the linearized parameters by:

/el -e: - 82

6,

1f the measurement errors are too large, the term
e§ - ei - e§ may become negative, making evaluation of
equation 3.27 and equation 3.31 impossible.

The difficulties described above may be bypassed by

converting the linearized noise parameters into the noise
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parameters of equation 2.48, as follows:

6, + O
TAT = —L'_I (3-32)
6,
e
Tgp = -~ — (3.33)
6,
Q, + j0O
S B L (3.34)

=
2/-6,(0; + ©,)

These noise parameters correspond to the noise temperature
and correlation of incident and emergent noise wave
generators at the input of the RUT. For this set of noise
parameters, physical realizability demands that lap] < 1 and
that Tpp and Tgp be positive. If |ap| is slightly greater
than unity this can be attributed tc measurement errors, and
|ap| can be estimated as one or some value slightly less
than one, keeping the argument of ap constant. This

technique could also be adapted to the conventional method.

3.3.1 Impiementation of the LRPG Method

The LRPG method of noise parameter measurement can be
used with a variety of noise generators, which can be chosen
to minimize other experimental difficulties. If the noise
generators are chosen to minimize noise calibration errors,
then highly mismatched noise generators should be passive so
that their noise temperatures can be determined from their
physical temperatures, and noise generators requiring noise

temperature calibration, e.g. noise diodes, should be well
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matched.

The LRPG method can be implemented using two separate
noise sources; a hot-cold noise generator, and a two-port
tuner connected to a passive termination. This is the same
hardware used in the conventional method. The hot-cold noise
generator need only be used in the "hot" state. The tuner
need not be lossless; however, the tuner and termination

should be at the same physical temperature. If a noise diode

is us-% =+ . .« hot-cold noise source it is advantageous to
use the nris: : iode only in its on condition, as cycling the
noise ° . causes its physical temperature to cycle, thus

leading té uncertainty in the "off" noise temperature of the
noise diode.

Another implementation is to use a hot-cold noise
generator and the multiple impedance load separately. Any
;ermination at port 1 of the multiple impedance load must be
at the same temperature as the multiple impedance load, and
the hot-cold noise generator need only be used in a state
with a noise temperature substantially different from the
physical temperature of the multiple impedance load.

A third implementation is to use the multiple impedance
load terminated at port 1 with a hot-cold noise generator,
the same configuration as used in the modified conventional
method. For convenience the hot-cold noise generator should
be chosen so that one of its states (probably the cold
state) has the same noise temperature as the physical

temperature of the multiple impedance load. Then, in the
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cold state, the noise temperature of the composite noise
generator will be the same as the physical temperature of
the load. In the hot state, the noise temperature of the
composite load is given by equation 3.7, and must be
calibrated for each state of the multiple impedance load
which is used (at each frequency of interest). For
convenience, only one state of the multiple impedance load
need b2 used with the hot-cold noise generator in the hot
state, and the state with the lowest reflection ccefficient

can be chesen,

3.3.2 Systematic Errors of the LRPG Method

The systema.‘'c errors in the conventional method due to
tuner loss and the change in the reflection coefficient of
the hot-cold noise generator do not occur in the LRPG
method. The systematic errors which affect the LRPG method
are calibration errors, such as errors in noise generator
temperature calibration and errors in the reflection
coefficient measurements. A common source of these errors is
the use of an HP 346 series noise source which has just been
powered off. The author has observed that when these devices
are on, the case becomes 5K warmer than the surroundinygs ant
the noise diode may be hotter still. This will probably make
no significant difference in the hot noise temperature;
however, when these noise sources are powered off they take
about ten minutes to cool to the temperature of the

surroundings, causing a change in the cold noise temperaturs
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of at least 1.5%. Using the LRPG method this error is easily
avoided because it is not necessary to use the hot-cold

noise generator in the cold state.

3.3.3 Some Variations of the LRPG Method

A point of some interest is that the real and imaginary
parts of the input reflection coefficient of the RUT, which
were assumed to be known in the previous solution of
equation 3.12, could be treated as two unknown parameters.
mhe advantage obtained would be that, after calibrating the
noise generators, no further S-parameter measurements would
be required. However, to solve equation 3.12 using a
linearized least squares approach, eqguation 3.12 would have
to be manipulated into a linear form having seven terms.
Such a linearization has not yet been found. An iterative
solution is possible (perhaps some circuit analysis program
could be modified to handle a number of simultaneous
configurations), but this has not been attempted.

Another possible variation, which has been explored
with fair results, can reduce the number of required noise
generators. Consider the situation where the DUT and a
multiple impedance load are located inside a cryostat, and
the receiver is outside the cryostat. The noise parameters
and gain of the receiver can be measured using some
implementation of the LRPG method. If we now examine
equation 3.12 and eguation 3.13 as applied to the RUT, we

see that Gy of the RUT is proportional to Gg of the
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receiver. This leads to:

ik
Gorur = GOrec - (3.35)
|1 - 82Tyl

where: sp,; and sy are scattering parameters of the DUT

r,, is the input reflection coefficient of the

receiver

Thus by making use of the S-parameters of the DUT, one of
the unknown parameters of the RUT can be determined. When
equation 3.12 is linearized, one linear parameter, ©,, is
removed and the minimum number of required noise power
measurements is reduced to four. By examining equation 3.15
(the linearization of equation 3.12) one can see that there
is no longer any requirement for noise generators of
different noise temperatures when measuring the RUT. This
could be of considerable advantage if the receiver wvere at

room temperature but the DUT were cooled.

3.4 Receiver Noise Calibratior

One of the important aspects of noise parameter
measurement is accounting for the noise contribution of the
receiver. There are three approaches: the receiver noise can
be made so small as to be insignificant, it can be removed
from each measurement of noise temperature or power, or it
can be removed after the noise parameters of the RUT have
been found.

The method of minimizing receiver noise cannot be used

at all times. If the DUT noise measure is low, a
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sufficiently low noise amplifier may not be available. If
the DUT gain is very high, attenuation may have to be added
at the receiver input to prevent the DUT from oscillating,
raising the receiver noise temperature. Even if it is low,
the receiver noise must be accounted for in at least one

measurement to verify that it is truly insignificant.

3.4.1 Minimizing the Receiver Excess Noise Temperature

A number of authors e.g. Lange (1967), Larock and
Fiv: .t -+ . Adamian and Uhlir (1973) and Weinreb (1982)
ignote ths receiver noise. The receiver noise can be ignored
if it is less than some fraction, say 2%, of the noise
generated by the DUT. This condition is difficult to
evaluate for all Fy; however, as an approximation one is
tempted to evaluate this condition using the minimum excess
noise temperature, the associated gain of the DUT, and the
minimum excess noise temperature of the receiver. This can
lead to some error as the excess noise temperature of the
receiver may be much higher than its minimum value when the
DUT input is terminated so that the DUT generates the
minimum excess noise. In any case the receiver noise may be
negligible for some values of I'; and not others.

A better approach, and one not much more difficult to
implement, is to perform a trial de-embedding of noise
parameters as described later in this section. If the
differences between the noise parameters of the RUT and

those of the DUT are negligible, the noise contribution of
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the receiver can be ignored.

3.4.2 Removal of Receiver Noise from each Measurement

When measuring the excess noise temperature of a DUT
using the conventional method described in section 3.4.4
above, the noise contribution of the receiver can be removed
using equation 3.5 if the available gain of the DUT and the
excess noise temperature of the receiver are known. This
excess noise temperature of the receiver can be measured
with a noise generator having the same reflection
coefficient as the output of the DUT, a simple task only if
the output of the DUT is well matched. This task is
especially difficult if the noise measurements are being
made wﬁth various reflection coefficients presented to the
input of the DUT, i.e. when attempting to measure noise
parameters, To simplify matters it is desirable to measure
the available gain.of the DUT using as little extra
equipment as possible.

A number of authors, for example Sannino (1980),
Martines and Sannino (1982), and Sawayama (1981), have
published noise parameter measurement schemes which modify
the conventional approach by placing a circulator and a
second noise generator, or an isolator, at the receiver
input. By manipulating the second noise generator or an
attenuator placed between the isolator and receiver, the
excess noise temperature of the receiver and the available

gain of the DUT can be determined at the same time as the
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excess noise temperature of the RUT. The excess noise
temperature of the DUT is then determined using
equation 3.5,

The method proposed by Sawayama requires a well matched
and lossless circulator, which is a narrow band device and
difficult to make. Numerous variations have been proposed by
Sannino and his co-workers Martines, Calandra and Caruso.
Those methods, which ~re exact, assume a perfectly matched
isolator. In all ca-e¢s rnowledge of the DUT S-parameters and
the S-parameters of :ie additional components added to the

receiver are required (Sannino, 1982).

3.4.2.1 A Method oL Keeping the Receiver Noise Temperature
Fixed

The method described below has been published (Valk et
al., 1987). The noise contribution of the receiver can
easily be accounted for if it can be kept constant, even if
the generator coefficient is being changed by large amounts.
This can be accomplished by placing a lossless tuner between
the DUT and the receiver and adjusting it to present the
receiver input with a fixed reflection coefficient. The
guestion is, how can the tuner be adjusted in some simple
manner to give a repeatable reflection coefficient? One
approach is to present a desired generator reflection
ccefficient to the DUT input and to connect a reflectometer
or S-parameter test set to the output of the tuner attached
to the DUT output. The tuner can then be set to some

constant reflection coefficient value, limited only by the
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resolution and drift of the reflectometer or S-parameter
test set.

The output tuner can be easily adjusted using no
additional instrumentation, however, if the configuration in
figure 3.3 is used. Consider the transducer gain from noise
generator B to the power meter. 1f the circulator has no
reverse circulation, then this gain can be reduced to zero,
by adjusting the output tuner so that the reflection
coefficient presented to port 1 of the circulator is zero.
It is shown in Valk et al.(1987) that if the circulator does
not have perfect circulation then the gain can still be
nulled by adjusting the output tuner to present a particular
reflection coefficient at port 1 of the circulator. The
transducer gain from noise generator B to the power meter
can be observed by cycling ncise generator B and measuring
the power ratio with the power meter. Thus, by adjustirg the
tuner until the power ratic is unity, one ensures that a
unique reflection coefficient is presented to port 1 of the
circulator, and that the excess noise temperature of the
receiver is kept constant. Noise generator B need not be
calibrated, nor is it necessary to know either the
reflection coefficient required to null the gain or the
reflection coefficient of the DUT ouvtput.

After performing the tuning step just described, the
excess noise temperature of the RUT can be determined, using
equation 3.9, from the power ratio measured with only noise

generator A cycling. The excess noise temperature of the
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Receiver
Noise
Generator — DUT — Tuner
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Noise
Drive
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: Generator
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Figure 3.3 The Configuration for 2 New Method of Keeping
the Receiver Excess Noise Temperature Constant
composite receiver (comprising the receiver and circulator)
can be measured by following the above procedure with no DUT
connected between the noise generator A and the receiver.
.Because the input reflection coefficient presented to the
receiver input has been kept constant Gprgec i5 kept constant.

Since Grpyr = Gapur Grrecr Gapyr €an be determined from:

Gapyr = — (3.36)
P .
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where: P, is the power measured with the DUT inserted
and the noise generator in the hot state
P, is the power measured with the DUT inserted
and the noise generator in the cold state
P, is the pover measured with the DUT not
inserted and the noise generator in the hot

state
P, is the power measured with the DUT not
inserted and the noise generator in the cold

state

3.4.3 De-embedding the Receiver after Jerermining Noise

Parameters

Consider the DUT in cascade with the receiver as shown
in figure 3.1. It has been shown in chapter 2 (equation 2.74
through equation 2.76) that the noise parameters of two
two-ports in cascade can be determined from the noise
parameters and small signal parameters of each of the
two-ports. These equations are applicable to the
configuration of figure 3.1 and can easily be solved to find
the noise parameters of the DUT, as follows (vValk et al.,

1988, equations 13-15):

2 2
Tora = Tere - Terelt11al® - Tamaltizal™ * (3.37)
%
2y TarsTBTS Re{“TBtIZAtHA}
Tom: = Tame = Tarslto1al? = T L (3.38)
ATa = Tatc pTs | t21al aTs | t22al .

/ *
2/ TappTprs Re { “TntZZAtZM}
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1 r /———- .
= —m—————=iapc¥ TarcTBTc * TBTet21ati11a (3.39)

o, = Vr__——_———
TaraToTA

% / * ¥
+ Tapgt22,ti2a — V TarsTems (t29at1220ps *

*
t22At11AaTa)]

where: Taq,, Tprs and ap, are noise parameters of the

DuT

ti1ar t21ar ti2, and tpp, are the transfer
scattering parameters of the DUT

Tars: Tprs and ap, are noise parameters of the
receiver

Tarer Tppe @and aqp. are noise parameters of the
RUT

In order to evaluate these equations, the small signal
parameters of the receiver need not be known. Although these
equations are too complex to provide insight, they allow one
first to measure the noise parameters of the RUT in any
convenient manner, then to measure the noise parameters of
the receiver separately, and finally, knowing the small
signal parameters of the DUT, to find the noise parameters
of the DUT.

The noise parameters used for this de-embedding method
can be obtained directly from the linearized parameters of
the LRPG method using equations 3.32 to 3.34. After
equations 3.37 to 3.39 have been applied it will probably be

convenient to convert the noise parameters of the DUT to the

set TMIN’TN and FOPT'
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3.4.4 A Simple Method of Receiver Noise Calibration

While performing cryogenic measurements, the multiple
impedance load is inaccessible, and a method is reqguired to
estimate the receiver noise parameters quickly and without
using the multiple impedance load. Accordingly, a method was
devised to estimate the noise parameters of a receiver from
a single noise temperature measurement, given that the front
end of the receiver is a unilateral, passive element with
known S-parameters. When this method is used in the
cryogenic noise measurements the unilateral, passive element
comprises a bias-tee cascaded with an attenuator and an
isolator.

Pospieszalski (1986) discusses such a method; however,
he assumes a well matched isolator which may not be preceded.
by an attenuator. Martines and Sannino (1987) describe
another such method; however, their technique is valid only
if the ambient temperature is near 290K, and it does not
give noise parameters directly. In addition, it is
unnecessarily complicated (Pospieszalski, 1988).

The noise behavior of a two-po.*t such as a receiver can
be modelled by two partially correlated noise wave
generators at the receiver input (see section 2.3.1) If a
unilateral device, such as an isolator, is cascaded with the
receiver, the reflection coefficient presented to the
receiver input is fixed, but not necessarily zero. In this
case the excess noise temperature of the receiver is fixed,

and the noise behavior of the receiver can be modelled by a



79

single noise wave generator at the receiver input. If the
noise parameters and small signal parameters of the
unilateral device are known, and the excess noise
temperature of the receiver is known, it is possible to find
the noise parameters of the composite receiver. However, the
ncise temperature of the receiver when cascaded with the
unilateral device is often imperfectly known, since in
general it is unlikely that a calibrated noise generato: is
available which presents the same reflection coefficient as
the unilateral device.

A better estimate &f the noise parameters of the
composite receiver can be obtained from a noise temperature
measurement of the composite receiver. Let the noise
behavior of the composite receiver and its componenis be
modelled as shown in figure 3.4. The notation used has heen
introduced in chapter 2. This situation is equivalent to
having Tp of the receiver equal to zero. By using
equations 2.74, 2.75 and 2.76, the noise parameters of the

composite receiver are easily obtained as the tollowing:

Tar + ItzzlzTU (3.40)

TAT

Tyr = Tep * |ty2]°Ty (3.41)

af = === (/ TppTgrap - ta2t]2Ty) (3.42)
vV Tar TT
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Figure 3.4 Flow Diagram for a Receiver and Unilateral
Device

where: Tar, Tpr AND ag are the noise parameters of the

unilateral device

TAr:, Thr AND af are the noise parameters of the
composite receiver

Ty is the noise temperature of a noise wave
source shown in figure 3.4

ti12 and ty, are the transfer scattering
parameters of the unilateral device.

Since the unilateral device is passive, its noise parameters
may be deduced from its S-parameters and its physical
temperature. The excess noise temperature of the unilateral
device can be obtained from its noise parameters or its
available gain. The noise temperature, Ty, of the remaining

noise wave generator can be obtained by substituting the
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results of eguation 3.40, equation 3.41 and equation 3.42
into equation 2.49, and then solving for Ty. After some

algebra, the following result is obtained:

-2
(T = Top) (1 - |F

Ty = ————— I (3.43)
lt22 - Ttz

where: Top is the mcasured noise temperature of the
composite receiver
Tey iS the noise temperature of the unilateral
device
I, is the reflection coefficient of the noise
generator
The value obtained for Ty, and the nocise parameters of the
unilateral device can now be substituted back into
equation 3.40, equation 3.41 and equation 3.42 to obtain the
noise parameters of the composite receiver. This method was

used to calibrate the noise measurement receiver for all the

cryogenic noise measurements.

3.5 Analysis of Least Squares Fitting Uncertainties

A number of the methods described in this chapter use
least squares fitting to estimate noise parameters. It is
not easy to determine the uncertainty of the estimated noise
parameters given the measurement uncertainties. This section
does not give a definitive solution to that problem, ™ut
will perhaps give some insight.

Consider the system described by the linear equation
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below:

where: 0; are parameters of the system

x; are independent variables

y is the dependent variable

n is the number of parameters.
If a constant term is required, one of the independent
variables may be set to one. Suppose that one is trying to
estimate the paramet:rs from m observations of the
independent variables and the dependent variable. In the
absence of measurement errors, the observations are related

to the unknown parameters by:

where: y is the m-vector of observations of the
dependent variable
§ is the n-vector of parameters
% is the mxn matrix of observations of the
independent variables
m is the rwumber of observations.
In our experiments, as in many others, there are both random
" and systematic errors in the measurements of the dependent
and independent variables, resulting in uncertainty of the
estimated parameters. The purpose of this analysis is to
develop techniques to estimate this uncertainty, and to
develop estimation techitigues which reduce it. Roman letters
denote known variables, and Greek letters denote unknown

Qariables. The true (but unknown) value of a variable 'a' is

a and the measured or estimated value is a. "Inderlined upper
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case letters are matrices; underlined lower case letters are
column vectors.

Let the measurement errors in the dependent variable be
dy = y - i and the measurement errors in the independent
variables be dX = £ - 2. By substituting these relationships

into eguation 3.45, one obtains equation 3.46 below:

(3.46)

tm

+

ek
1D

§ = %0 - %8 + dy =
where: ¢ is the true total error.

Given only % and ¥, it is generally not possible to estimate
both dX and dy, but only the total error. An estimated set

of parameters, 8, implies a corresponding estimated error:

(3.47)

1H4e
<D

=y -

tm

The often unsupported premise of least squares fitting
is that the best solution to equation 3.46 is the linear
function of y which minimizes the sum of the squared errors

of fit, often expressed as:
x2 = e = el? (3.48)

where: [ ¢]| is the Euclidian vector norm of £

3.5.1 The Classical Estimate

The classical error analysis assumes that there are no
errors in the independent variables, that the errors in the
dependent variable are random, that m2n and that the rank of

X is n. Under these conditions, the estimate which minimizes
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6= (%) %y (3.49)

This estimate has zero bias, E{§-6}, if there are no errors
in the independent variable. If, in addition, the errors in
the dependent variable are uncorrelated and have a fixed
variance, the estimate of eguation 3.49 has minimum
variance, E{(§-E{8})%}. If all these assumptions hold, the

-1

elements of the variance-covariance matrix, Z = (xTz) , can

be interpreted as:
1 . (5 - -
Z;5 = — E{(6; E{6;1}) (6 E{651)} (3.50)
Oy
where: 03 is the variance of the errors in the
dependent variable.
Corrections can be made if the errors in the dependent
variable are random, but correlated or not of fixed
variance.

This error analysis has a number of short-comings. The
estimate of equation 3.49 fails, and the variance-covariance
matrix becomes nonexistent, if ZTS is singular. As a result.
it is difficult to investigate the behavior of the estimated

a~

parameters as gT approaches singularity. The next section

will show that the near singularity of X% is an important
factor in the uncertainty of the estimated parameters. It
should be noted that the variance-covariance matrix gives
the statistics of the estimated parameters only if there are

no errors at all in the independent variable and no
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systematic errors in the dependent variable. Given such
errors as have just been excluded, one is left with no
information regarding the uncertainty of the estimated

parameters. -

3.5.2 Error Analysis Using Norms
penrose( 1955) has shown, independent of the rank and
shape of X, that the linear solution to eguation 3.46 which

has the smallest norm and which minimizes || is:

'y (3.51)

(-3

6 =
where: gI denotes the generalized inverse of X.

The generalized inverse of X, which exhibits a set of
properties independent of the shape and rank of X, is
discussed in detail in a subsequent section. In the case
where m2n and STZ is not singular, the generalized inverse

is given by:

' = (F'%) 7% (3.52)

Ben-Israel(1966) has derived an upper limit for the error of
estimate, dg = § - é, in terms of the generalized inverse.
From Ben-Israel's results the author has derived a limit to
|Dg|| which is tighter than Ben-Israel's limit and is in a
more convenient form. First, some definitions are required.

The Euclidian norm of a vector a is [al|. The spectral norm
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of a matrix A is ||Ajs, defined by:

il
I

[d

al

Nalls = max (3.53)

0

Subsequent sections discuss the estimation and the exact
avaluation of the spectral norm. The error of estimate is

related to the errors of measurement by equation 3.54,

below:
g +dg = (% + dax) (g + ay) (3.54)

The limit for [|dgll which was derived by the author is:

asg k(%) ax d
lsel - lazls , ldgl ] (3.55)
el -k (®) === L1 Z]s y-ell
X lls
ax 1
Given: I SE 1l < ;

-~ ~ F
I xlls k(X)

wvhere: k(X) = [E[cIE s.

With direct substitution of x(X) the inequality derived by
Ben-Israel leads t¢ a limit proportional to xz(g). k(X) is
known as the condition number of X. k(X) has a minimum value
of 1 for a matrix with orthogonal rows, ng =1, or
orthogonal columns, gTz = I, and approaches positive

infinity as ng approaches singularity.

Equation 3.55 holds for matrices, X, of any rank or
shape, since it is derived from equation 3.51 which has no
restrictions on the rank or shape of X. The condition given

in equation 3.55 is equivalent to: uglusudgus < 1. This can
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be interpreted as a requirement that the magnitude of the
uncertainty in X must be less “han the "distance" to the
"nearest" matrix of lesser rank. In other words, the
uncertainty in the measurements of the independent variables
must not be so great that the rank of the matrix X is
indeterminate.

The limit given in equation 3.55 can be used to
determine the maximum error in the estimated parameters
given the (estimated) maximum error in the dependent and
independent variables. This l1imit is the maximum error of
estimate for all errors in the dependent variable of
magnitude |dy|l and all errors in the independent variables
of magnitude ||dX||s. Thus, row and column scaling should be
used so that the estimafed maximum error in each measurement
of the dependent variable is the same, and so that the
estimated maximum error in each measurement of each of the
independent variables is the same. In the absence of such
scaling, the uncertainty of the estimated parameters may be

overestimated.

3.5.2.1 Estimation of tihe Spectral Norm
The spectral norm can be estimated using the Euclidian

matrix norm:
IZle = t’?.xi (3.56)
ij

Anticipating a result below (equation 3.64), the spectral
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norm is bracketed by the Euclidian norm as follows:

2 lle

< J2lls < N2l (3.57)

=

where: m is the number of rows of X
a1 is the number of columns of X
k = min(m,n)
Thus, the condition number is bracketed by the following

estimates:

1
X X
LELIE L < w5 pnluba'l (3.58)

I1f X is of full rank (see below), zl can be obtained from

equation 3.52.

3.5.2.2 The Singular Value Decomposition

The exact value of the spectral norm can be determined
from the singular value decomposition of the matrix., The
singular value decomposition can also be used to calculate
the generalized inverse of a matrix. The singular value
decomposition applies to any real or complex matrix of any
shape; however, only real matrices will be considered here.
It can be shown (Ben Isrea., 1966) that any mxn matrix, Zgn,

can be expressed as the product:

T
Zon = Unm Smn VYan (3.59)

where: U and

are real and orthogonal (uy” = I and
v = 1)
the s; are real and nonnegative

S
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and the matrix S can be written as:

.51 .
S2
mn (3.60)

wn
n

59

5= 52 msn. (3.61)

Sm

This is known as the singular value decomposition of X. The
elements, s;, are the singular values of X and, for
convenience, they are usually arranged in decreasing order.
A change in the order of the singular values implies a
corresponding change in the order of the columns of U and V.
The singular values are the positive square roots of the
eigenvalues of ng. The columns of U are eigenvectors of
§§T, and the columns of V are eigenvectors of §T§. It has
been shown that the eigenvector-eigenvalue decomposition of
3T§ becomes numerically unstable as X approaches
singularity. Better algorithms are offered by IMSL and
LINPACK subroutines, which can be called from APL with some
difficulty.

The number of nonzero singular values is the rank of
the matrix. (The rank, r, of a matrix is the number of
linearly independent rows or columns.) A matrix is said to

be of full rank if r=min(m,n) and is said to be rank

deficient if r<min(m,n). A square matrix which is rank
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deficient is singular.

The singular values of a matrix have a number of useful
interpretations. The largest singular value, s;, is the
spectral norm of the matrix. The reciprocal of the smallest
nonzero singular value is the spectral norm of the
generalized inverse of the matrix (this is shown in section
3.5.2.3 below). Thus the condition number of a matrix is:

s
k(X) = — (3.62)
sl‘
where: s, is the smallest nonzero singular value
r is the rank of the matrix
The smallest singular value is the "distance" to the nearest
matrix of smaller rank, if the distance between two matrices

A and B is defined as ||A - B|ls or |2 - Bllz. Two other useful

properties are:

Det(X) = M's; (3.63)
1

12l = vVEsi (3.64)
1

This last equation relates the Euclidian matrix norm and the
spectral norm. If Ane considers the limiting cases where 2all
the singular values but one are zero and where all the
singular values are equal, equation 3.64 leads to

equation 3.57.

3.5.2.3 The Generalized Inverse
The generalized inverse was first described by

E.H. Moore(1920) and later by R. Penrose(1954,1955). The
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properties of this inverse are given below. This inverse,
also known as the pseudoinverse or Moore-Penrose inverse, is

a generalization cof the ordinary inverse with special

relevs - co least squares fitting problems. Penrose (1955)
has = .. that the general solution to equation 3.46 is:
g =%y+ [1-%&le (3.65)

I Jenotes the generalized inverse of &

where: £
@ is an arbitrary vector which may be determined
by some other experiment.
1f X is of full rank, and m2n, the term I - glg is zero, and
equation 3.65 reduces to equation 3.51. The generalized

inverse exhibits the following properties:

XXX = X (3.66)
x'gx’ = &' | (3.67)
'z = [g72]” (3.68)
xx' = [gx']T (3.69)

If X is of full rank, the generalized inverce is given by:

! = gTxg"]7? m<n (3.70)
= .)_(—1 m=n
= [xTx]"'x"T m2n

By replacing X by its singular value decomposition in
equation 3.70, one obtains:

x' = vs'y" (3.71)
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wvhere:
- - :
-1

s’ = .. m2n (3.72)

-1 1

-1

n

[
8
A
3
*

(3.73)

This relationship holds even if X is rank deficient, with
the modification:

[ - 1
511

in
=]
=
6
0

(3.74)

where: r is the rank of X.

From this last equation it is immediately obvious that the
spectral norm of the generalized inverse of X is the

reciprocal of the smallest nonzero singular value of X.

3.7.3 Fztimation Using the Singular Value Decomposition

rre following analysis develops better insight into the
case when X is rank deficient and leads to a method whereby
the estimated parameters can be made less sensitive to

measurement errors. The objective is to estimate § given i
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and y. We assume that m2n, that there are errors in the
dependent and independent variables, and that r, the rank of
X, is less than or equal to n. The parameters are estimated

by minimising x = [le]l which can be expressed as:

14t
<o

x = el = Iy - 28| (3.75)

It can be shown that [rj=ljuc] if U is orthogonal (uuT=1 and
QTQ=1). Applying these properties to equation 3.75, an’
replacing X by its singular value decomposition, one
obtains:

x = JuTel = 4uTlg - usyTaly = 4Ty - svTE (3.76)

where: & = USV.

We can now collect terms to obtain the following:

b, (511 ]
by spa2
X = “.t.’ - §Q“ = by = |Sn@n (3.77)
me ) LO
where: b =1U'y
T-
a =V8

Note that g is unknown. Given an estimate for g, § can be

obtgined from:

(3.78)

6 w Vi

The analysis now splits into three parts. The full rank case

will be discussed first, followed by the rank deficient
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case, followed by the nearly rank deficient case.

3.5.3.1 The Full Rank Case

If X is of full rank, all the singular values are
nonzero and the solution for minimum x is:

- b;

a; = — 1<i<n (3.79}
54

The estimated parameters are:

.El.

5.4
11
iy
n

<

(3.80)

Note that a = §Ib, so that equation 3.80 can be written as:

& = vs'uTy = &'y (3.81)

which is the usual least squares solution, in which xz is

given by:
m
1
3.5.3.2 The Rank Deficient Case

If X is of rank r<n the last n-r singular values will

be zero. Referring to equation 3.77, the solution for
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minimum x is:
& = = . 1sisr (3.83)
The last n-r components of g are arbitrary and can perhaps

be obtained by some other method. The estimated parameters

are obtained by applying equation 3.78 with the result:

i : o .
b b o |
51 S1
b, by
S2 S2
- - b b
f=va=v|E |=v|F2]+Y]O (3.84)
Sy Sn
req 0 re
!

This result has a fixed part and an arbitrary part, not
unlike the natural and forced solutions to a differential

equation. The fixed part of g can be written as s'b, so that

equation 3.84 can be manipulated into the following form:

-~

-~ IQ -~ ~

(= -]

th

where: v, is the i

i column of V.

The sensitivity of the fixed part of the estimated
parameters is given by equation 3.55, as for the full rank

case. Note that the columns of V will indicate the linear
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dependencies in X. x% for the rank deficient case is:

m
1=

r+i
3.5.3.3 The Nearly Rank Deficient Case

It is rare that a matrix of okservations, such as X is
exactly rank deficient. For exampie, consider the case where
the true value of an mxn matrix, m>n, of m observations of n
variables has a rank of n-1, This implies that one column is
an exact combination of the other n-1 columns. The columns
are all m-element vectors and they span a subspace with n-1
dimensions. If a change orthogonal to the subspace, however
small, occurs in any of the columns, then the matrix is no
longer exactly rank deficient, but will have a large
condition number. Put another way, if the matrix of
observations is to be rank deficient, there can be no
fluctuation orthogonal to the subspace. Thus, if all the
variables are measured independently, this matrix of
independent variables is likely not to be of full rank and
is likely to have a very large condition number.

Suppose that the last q singular values of X are
unacceptably small compared to the largest singular value.
One hopes that g is one or at worst two. Because the last g
singular values are the smallest, the corresponding elements
of ¢ are most sensitive to measurements errors. Referring to
equation 3.77, one can see that if these elements of g are

constrained to be some arbitrary value, the solution for
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minimum x under these constraints is given by equation 3.79
for the remainder of the elements. Thus we leave the last q
values of a to be determined‘by other experiments and choose
the first n-q values as before. The estimated parameters are

now given by:

b . b X
by by ] 0

S1 51

bo 2&

S2 52
Q=yg=y—ﬁ- =y |/ +v |0 (3.87)

Sn-q Sn-q

&n-q+1 0 &n-q+1

& 0 &p

L ] |

The estimated parameters consist of a fixed part and an
arbitrary part. In effect, the fixed part of the solution is
obtained by setting the g smallest singular values of X to
zero. The fixed part of a can be written as é b, where é is
S with the g smallest singular values set to zero. Using

this notation, equation 3.87 can also be expressed as:
§ = B'Y + @j4n-q¥1en-q * ®24n-q¥2+n-q ° - (3.88)
+ c.e t ap¥y
vhere: X = USY'.

The sensitivity of the fixed part of the estimated

parameters to measurement errors is given by equation 3.55,
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as before. The condition number is now smaller:

S1

k(%) = (3.89)

Thus, the sensitivity to measurement errors has been

-

reduced. The modified matrix, X, is the nearest matrix of
rank n-qg to X. Therefore, the change in X is the minimum

possible to achieve the desired sensitivity. xz is given by:

n - m
x2 = Z (b; - s;a;)% +z  bf (3.90)
isn-q+1 i=n+1

Because the last g singular values are small, X is least
sensitive to variations in the corresponding elements of .
I1f these elements of ¢ are later chosen near to the value

given by equation 3.79 then x will be approximately minimum,

3.5.4 Application to Noise Parameter Estimation

Although the preceding analysis was the best which
could be obtained, it is not easily apblied to noise
parameter estimation because the noise parameters are
related to the coefficients of the linear equations in a
very nonlinear manner. The uncertainties in the noise
parameters will be related to the uncertainties in the
linear coefficients by the Jacobian of the transformation,
which has not been found. Noise parameter estima”ion by rank
reduced least squares estimation was tried by the author.
However, the estimated noise parameters were no more
accurate than the the results 6btained using the ordinary

least squares fitting algorithm, possibly because the effect
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of the transformation was ignored, or possibly due to the
jack of accurate experimental ‘data. In any case, the
condition number does express the uncertainty of the least
squares fit very conveniently, and is a useful tool for the
experimental design of noise measurements. As far as is
known by the author, this approach to noise parameter

estimation has never been tried before.



Chapter 4

Experimental Apparatus
This project necessitated the construction and modification
of a number of pieces of experimental apparatus.
Particularly, the noise figure meter was modified to improve
its frequency stability and frequency offset. A test fixture
was constructed, and calibration standards were made for
this fixture to enable S-parameter calibration to be made to
the transistor socket. In order to more accurately and
conveniently measure the noise of transistors at cryogenic
temperatures two microwave loads vere built, each load
having a numLer of separate and distinct states, with each
state having a different and fixed reflection coefficient.
These loads will be referred to as multiple impedance loads
or MIL's. One of these loads was built using PIN diodes; it
will be referred to as the 'PIN diode multiple impedance
load'. The other load was built using coaxial relays; it
will be referred to as the 'relay multiple impedance load'.
This chapter discusses the design, construction and

performance of these items.

4.1 The PIN Diode Multiple Impedance Load

A multiple impedance load of this type for
room-temperature use was first described by Leake (1982).
The reflection coefficient of the load described here can be
controlled by small D.C. voltages and currents, thus

allowing it to be placed inside the cryogenic enclosure

100
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directly connected to the transistor fixture, and controlled
from outside the enclosure. In our implementation, an
additional coupler is included, allowing extra noise to be

coupled into the load.

4.1.1 Theory of Operation

The operation of the PIN diode multiple impedance load
depends on "switchable" terminations, which are terminations
that can be switched between two states, these states having
reflection coefficients which are (nearly) of magnitude one
and opposite phase. These terminations are interconnected by
directional couplers so as to form a one~port which can
assume a reflection coefficient which is one of a number of
values evenly distributed over a central portion of the
reflection coefficient plane.

The switchable terminations are realized using a PIN
diode connected in shunt to a transmission line. A PIN diode
has an almost intrinsic region between heavily doped P and N
type regions (White, 1981). A PIN diode is ideal for our
purpose because the circuit characteristics are not strongly
dependent on bias conditions, and rectification-dOﬁs not
occur at microwave frequencies. When the PIN diode is
reverse biased, the equivalent circuit at microwave
frequencies is that shown in figure 4.1-a with C; typically
less than 3 pF and Ry as much as 5000 Ohms. When the PIN
diode is forward biased the equivalent circuit at microwave

frequencies is given by figure 4.1-b with Rp typically less
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than 1 Ohm (White, 1981, p80).

If we now consider the PIN diode connected in shunt, we
see that the reflection coefficient in the reverse biased
state falls in the lower half of the reflection coefficient
plane approximating an open circuit, and the reflection
coefficient in the forward biased state falls in the upper
half plane approximating a short circuit. If Ry is
sufficiently large the diode can be connected in series with
a small inductance, resonant with Cj, so as to cause the
reflection coefficient in the forward and reverse biased
states to approach -1 and +1 respectively. The series
inductance can be thought of as a mismatching element
because it maximizes the magnitude of the two reflection
coefficients and the angular difference between them.

The switchable terminations are interconnected using
quarter wave directional couplers. Such a coupler is a
lossless reciprocal 4-port and has the following scattering

matrix (Beatty, 1973, p77):

2

0 jv 1-c 0 c
j 1-¢® 0 c 0
s = ; (4.1)
0 c 0 jv 1-c
K 0 v 1-c¢ 0

vhere ¢ is the voltage coupling coefficient of the coupler.
If port three of the coupler is connected to a nonreflective
termination, and ports twc and four are connected to

terminations having reflection coefficients of I'; and Iy
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Ca
5 $
a) Reverse Biased b) Forward Biased

Figure 4.1 Equivalent Circuit of a PIN Diode

respectively, then the reflection coefficient of the network

(observed at port one) will be given by:

ry = c2ry - (1-¢°) Ty (4.2)

A basic building block (called an in-phase network; see
figure 4.2) of the multiple impedance load is a guarter wave
directional coupler with port three terminated in a
nonreflecting load and ports two and four terminated with a
matched pair of the switchable terminations discussed
earlier. Let the switchable terminations have reflection
coefficients of +Beja or —Beja, where B8 is just less than 1
and « is some arbitrary angle. Then 'y can take on the

values: —_

ry = +ed® , +(2c%-1)ge® (4.3)

These values of I'y lie on a straight line passing through

the origin of the I plane, rotated an angle « from the real
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4.8 dB

Figure 4.2 Block Diagram of an In-Phase Network

axis. The coupling constant, c, is chosen to be &f' so that
the possible values of I'; are equally spaced on this line.

These reflection coefficients are:

r = iﬁeja , tlﬁeja (4.4)

The PIN diode multiple impedance load consists of two
in-phase networks connected to a 3 dB coupler as shown i
figure 4.4. This coupler has a coupling coefficient of 53.
Substituting into equation 4.2, the reflection coeffirient

at port one will be given by:

Ly =204 - 3T (4.5)
The reflection coefficients presented to ports two and four
of the 3 dB coupler can each assume the values given in
equation 4.4. The reflection coefficient at port one of the
3 dB coupler (I'y), obtained by substituting equation 4.4

into equation 4.5, can take on any one of the following
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values:
[ 143 -;--t-j -—%+3 ~1+§ |
sl 1 1, .1 1
g e |13 33 33 T3
= %€ 1 .1 1 .1 .1 (4.6)
-i3 37I3 iy T3
: 1. 1 .
-3 373 -373 -7

These points are plotted in figure 4.3, assuming that a=0°
and B=1. Note that the points are evenly distributed over a
square on the I' plane, centered at the origin and inscribed
within the T =§3 circle.

It is desirable to be able to inject additional noise
into the PIN diode muitiple impedance load so that its noise
temperature changes. This is made possible by adding a 10 dB
coupler (c =§?ﬁ) to the load. The addition of this coupler
allows the load to be considered as a lossy two-port. The
simplified block diagram of the PIN diode multiple impedance

load, not including biasing elements is shown in figure 4.4.

4.1.2 Design and Construction

The PIN diode multiple impedance load was designed to
operate from 1.2 GHz to 2 GHz. The design center frequency
was chosen to be 1.55 GHz because this is near the gebmetric
center of the band and, with our choices of materials and
structure, this gives a guarter wavelength of 1.25 in.,
which is convenient. Dimensions in this chapter are in
inches since the commercially available components and

materials are specified and manufactured in inches. Because
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Figure 4.3 Nominal Reflection Coefficients of the Multiple
Impedance Load

the wavelength is of the same order as the circuit and
component dimensions, the phase shift across a circuit
element is significant; the signal must be treated as a wave
travelling between a conductor and the ground plane. As a
result, the mechanical dimensions of circuit components and
the mechanical integrity of the conductors and the ground
plane are critical. N

The PIN diode multiple impedance load was designed to
operate both at 20K and at 300K, and to be able to withstand

frequent cycling between these extremes. It would be

unreasonable to expect the circuit elements to maintain
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Figure 4.4 Block Diagram of the Multiple Impedance Load

their mechanical dimensions over this temperature range.
However, the mechanical integrity of the conductors and
ground planes must be maintained and large mechanical
stresses to components due to temperature cycling must be
prevented. This was accomplished by using pressure contacts

for all the electrical connections to rigid components
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within the load; this allowed some the mechanical stresses

to be relieved by slippage and creep.

4.1.2.1 Mechanical Design

It was decided to build the PIN diode multiple
impedance load using stripline techniques because this
technique allows better isolation between adjacent circuitry
and easier fabrication of couplers with high coupling
coefficients than is possible with microstrip techniques.

Stripline construction is illustrated in figure 4.5.

Some of the difficulties encountered in using stripline
were:

1. A stripline to coaxial transition was required that had
small s;; and s, at room temperature and cryogenic
temperatures, and was capable of withstanding repeated
cycling between these extremes,

2. Most of the components are connected to the ground
planes and to the stripline transmission lines by
trapping the component leads between the dielectric and
the conductor. Pressure on the dielectric sheets had to
be maintained éver the operating temperature range to
ensure reliable electrical connections.

3. The circuit che 'acteristics depend on ground plane
spacing. To .sure repeatable circuit performance the
ground plane spacing had to be held constant.

4., The dielectric speets available had a thickness
tolerance of +0.0015 in. This was much larger than the

compression of the dielectric due to pressure by the



109

////

Transmission
Line Center ____ Dielectric
Conductor —“Tff*éq k///’(z Layers)

/// /// /// /// ¢&——Ground Plane

Figure 4.5 The Stripline Configuration

ground planes.
These difficulties w.re overcome by using the stripline
package shown in figure 4.6. This package was developed by
building several prototype fixtures, each with a 50 Ohm
transmission line between two coaxial ports, and altering
the design until the internal reflections were minimized and
circuit performance was repeatable.

The ground planes were made of OFHC copper lapped
smooth and plated with gold. The OFHC® copper ensured high
heat conductivity at cryogenic temperatures and the gold
plating ensured low resistance electrical and thermal
contacts. The pins (marked A) were made of soft steel, which
is hard enough to ensure that they would slide within the
holes in the ground planes while under lateral pressure. The
pins served to align the ground planes and the sheets of
dielectric and to provide an anchor for the bolts holding
the end plate on. The bolts (marked B) were used to force
the ground plane down onto the spacer blocks (marked C)

'0xygen Free High Conductivity (OFHC) copper has high
thermal conductivity at cryogenic temperatures
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Fiqure 4.6 The Stripline Fixture

which were fractionally smaller than the thickness of the
dielectric sheets plus the thickness.of the conductors
between the dielectrics. Thus the ground plane spacing was
held constant and the dielectric sheets were kept under
pressure. The spacer blocks were made of gold plated OFHC
copper and were spaced 1.25 in. apart along the edges of the
circuit. This ensured that the two ground planes were at the
same potential and that the circuit inside the ground planes
was isolated from any signals generated outside the ground
planes. When the circuit was mounted in a cryostat only one
of the ground planes made thermal contact with the cold
stage, and the spacer blocks improved the heatsinking of the

other ground plane.
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The end plates were made of OFHC copper, lapped smooth
and plated with gold. They contained a short 50 Ohm coaxial
transmission line with a teflon dielectric. The teflon
dielectrics and the center conductor were obtained from EMC
Inc.* When the end plate was fitted onto the ground planes
and dielectric, the flat tab on the center conductor fitted
between the dielectric sheets, thus connecting to the
stripline center conductcr and providing vertical alignment.
Horizontal alignment was provided by the tabs on the ground
planes. The end plates were held onto the ground plates by
the bolts (marked D) which were anchored in the alignment
pins. Since the alignment pins were able to slide, small
variations in dielectric thickness and in the position af
the end plate were easily accommodaﬁed. To ensure good
contact of the end plates to the ground planes, the end
faces of the ground planes and the dielectric sheets had to
be made coincident. This was ensured by clampiné the ground
planes and dielectric sheets and then machining all the end
faces and alignment holes.

The coaxial connector was held onto the end plate with
small machine screws. The annulus around the transmission
line in the end plate was necessary for a low inductance
ground contact to the coaxial connector.

Although the prototype fixtures were built with two
layers of dielectric, (see figure 4.6), the PIN diode
multiple impedance load was built with a third layer of

“EMC Technology Inc., 1971 0ld Cuthbert Road, Cherry Hill,
NQJ.
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dielectric 0.010 in. thick as shown in figure 4.7. The
alignment of the three layers of dielectric and the two
ground planes depended on the alignment pins. Since this
load had only one end plate, extra alignment pins were
included. When the prototype fixture was cycled between room
temperature and 10K, it was discovered that the dielectric
around the alignment pins had been stretched. As a result,
the extra alignment pins in the PIN diode multiple impedance
load were always removed when the load was cooled so that
the dielectric layers could be properly aligned after the

load had been disassembled.

4.1,2.2 Choice of Dielectric

A nominal ground plane spacing of one eighth 6f an inch
was chosen because of the easy availability of PIN diodes
and terminations for that ground plane spacing. A number of
dielecfric materials were available that had a low loss
tangent and an unvarying dielectric constant well into the
microwave region. Not all of these materials were isotropic.

Duroid 5870 was chosen as the dielectric for the following

reasons:

1. 1ts dielectric constant was more isotropic than that of
the woven dielectrics.

2. 1Its dielectric constant (2.33) was one of the lowest of
the available materials. As a result circuit dimensions
were as large as possible, and this increased the
conductor tolerances and made fabrication easier.

3. A report from NASA (Rogers Corp., 1982) indicated that
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Figure 4.7 Stripline with Three Layers of Dielectric

as Duroid 5870 is cooled the thermal contraction and
changes in dielectric constant are such that they
compensate and the electrical length of transmission
lines remains constant from 300K to 20K.

4. Thermal contraction normal to the plane of the
dielectric is low.

To get a nominal ground plane spacing of 0.125 in., two
sheets of Duroid 0.062 in. thick were used. A third sheet of
Duroid 0.010 in. thick was used between the other two
sheets. All the printed circuit elements were etched on
either side of the center (0.010 in.) dielectric sheet. The
transmission line widths were checked with a travelling
microscope, and were found to be within 0.005 in. of the
desired width. The directional couplers were realized as
overlapping quarter wave-length transmission lines, etched
on opposite sides of the center dielectric. This allowed one
to build 50 Ohm overlapping couplers with coupling

coefficients up to 0.737 (Howe, 1974). Note that the PIN
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diode multiple impedance load required a 3 dB coupler

(c=0.707), so this was just barely adequate.

4.1.2.3 The Switchable Terminations

A switchable termination, described in section 6.1
above, consists of a PIN diode, a mismatching circuit and a
bias circuit. The layout is shown in figure 4.8, below. To
avoid unwanted reflections the impedance of the bias circuit
at the peint of connection to the 50 Ohm transmission line
was made very high. Rather than making this impedance as
high as possible and then ignoring its effects, it was used
to mismatch the PIN diode. The mismatching circuitry
consisted of the PIN diode lead, the contact pad for the PIN
diode, the short section of inductive (narrow) transmission
line and the bias circuitry.

The bias circuit consisted of an approximately
quarter-wave length of high impedance transmission line
terminated in a capacitive short to ground. The length of
this transmission line and point of connection to the 50 Ohm
transmission line were adjusted to optimize the PIN diode
mismatch. In order to increase the isolation between the -
microwave circuit and external signals, a second
quarter-wave section terminated in a capacitive short,
followed by a lossy, inductive feedthrough were cascaded
with the first section. The feed-through provided broadband
isolation of about 20 dB and the two quarter wave sections
(center frequency = 1.55 GHz) provided increased isolation

between 1 GHz and 2 GHz. The effect of the second quarter
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Figure 4.8 Layout of a Switchable Termination

wave section on the reflection coefficient of the switchable
termination was quite small, thus the second quarter wave
section, capacitor and feed-through were ignored in the
modelling.

Three of the four switchable terminations had a DC
connection (through a directional coupler) té a 50 Ohm
termination. To minimize the number of microwave components,
DC blocking capacitors were not used; instead the current
drawn by the 50 Ohm terminations was compensated for by the

bias supply.
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Once the circuit topology in figure 4.8 was decided
upon, a switchable termination was modelled using IMPCAP
(see chapter 8). The circuit parameters which could be
altered were varied so that the "on" and "off" reflection
coefficients of the termination were equal in magnitude,
near one, and opposite in phase throughout the 1.2 GHz to
2 GHz band. After optimization, the root mean square
deviation from a 180° difference between the phase angles of
the "on" reflection coefficient and the "off" reflection
coefficient for both diodes at all the design frequencies

was 4.2° and the largest deviation was 7°.

4.1.2.4 Circuit Element Models

Hewlett-Packard type 3040 PIN diodes were used because
they were easily available and they are mounted in a package
especially suitable for stripline with a 0.125 in. ground
plane spacing. The published equivalent circuit for a
packaged diode is shown in figure 4.9.

The switchable terminations were designed using
two-port S-parameter measurements of two of the diodes.
These measurements were obtained by moéifying one of the
prototype fixtures previously discussed to accept a PIN
diode, modelling the fixture, and then de-embedding the
fixture model from S-parameter measurements of the PIN
diodes in the fixture. The PIN diodes were used as
one-ports, with the trimmed lead cut off as close as
possible to the package. The one-port PIN diodes were

modeled as the average of the two two-port S-parameter
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Figure 4.9 Equivalent Circuits for an HP PIN Diode in a
Stripline Package
measurements, with a short section of transmission line at
port two to model the discontinuity of the open ended
transmission line. After measuring the PIN diodes at several
values of forward bias current and reverse bias voltage it
was decided to use a forward bias current of 50 mA because
at this value of bias current the S-parameters was not
strongly dependent on bias current and the power dissipation
was low. The S-parameters of the reverse biased PIN diode

were only weakly dependent on reverse bias voltar. :. The
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reverse bias voltage was chosen to be equal in magnitude to
the forward bias voltage so that the power dissipation and
hence the temperature 6f the 50 Ohm terminations should
remain unchanged.

At microwave frequencies most capacitors exhibit some
series inductance, which had to be included in the circuit
model. The capacitors available for use in this circuit were
ATCS size A (a 0.055 in. cube) and size B (a 0.100 in. cube)
with capacitances in 10 percent steps. ATC provides
impedance data in graphical form up to the frequency of
parallel resonance. Equation 4.7 gives the complex impedance
of a capacitor, assuming the only nonideal element is a

series inductance.

1
Xc = wL - = (4.7)

By performing a'least squares fit of equation 4.7 to
selected data points, it was estimated that the series
inductance of the A series capacitors was 250 pH #50 pH and
that the series inductance of the B series capacitors was
5500 pH +50 pH. Both values of series inductance and all the
available values of capacitance were allowed in the
optimization of the switchable termination.

The high impedance transmission lines in the bias
circuit were fabricated as a thin wire trapped between the

sheets of dielectric. This is a type of transmission line

spmerican Technical Ceramics, 1 Norden Lane, Huntington
Station, New York
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known as slab line. The equation for the characteristic
impedance of slab line is given by Gunston (1971, p70). The
thin wire, 0.003 in. in diameter, was obtained from a roll
of solder-wick, and has a characteristic impedance of
160 Ohms. In comparison, the narrowest possible printed
conductor might be 0.008 in., which would have a
characteristic impedance of 137 Ohms. A useful feature of
this realization was that, after the printed circuit board
was etched, the switchable termination could be tuned by
changing the length of the thin wire and its place of
attachment (by soldering) to the £( Ohm transmission line.
Formulae from Gupta (1981, p57 and p186) wefe used o
estimate the characteristic impedance of stripline, and to
model the step changes in width. From the fixture
measurements the loss of the stripline transmission lines

was estimated as 0.005 dB/cm.

4.1.2.5 The In-phase Networks

The in-phase networks (described above) consist of two
switchable terminations connected by a 4.8 dB directional
coupler. Extra sections of transmission line 0.25 in. long
were inserted between the switchable terminations and the
coupler so that the two circuits did not couple. The
couplers were designed for a center frequency of 1.55 GHz
and a band of 1.2 GHz to 2 GHz. Following the advice of Howe
(1974, p156), , the couplers were overcoupled by 0.2 dB at
the center frequency in order to extend the bandwidth of

operation., The couplers were fabricated as overlapping
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conductors printed on opposite sides of the 0.010 in.
dielectric sheet. From the design charts in Howe, the
conductor width was chosen to be 0.063 in.,, and the overlap
was chosen to be 0.021 in. All the corners were mitred to
reduce reflections. The isolated port was terminated by a

50 Ohm resistive element mounted between the ground planes.

4,1,2.6 Other Circuit Elements

The 3 dB coupler was made in crossover configuration.
It was designed to be overcoupled by 0.15 4B, and
compensation was made for extra coupling in the crossover
section. The coupler conductor width was chosen to be
0.054 in. and the overlap was chosen to be 0.042 in. The
isolated port of the coupler was connected to one of the
coaxial connectors, where it was terminated in 50 Ohms for
three of the four couplers.

The 10 dB coupler was connected at the output of the
multiple impedance load for the purpose of injecting
additional noise. It was designed to be overcoupled by
0.3 dB. The conductors were chosen to be 0.087 in. wide and
spaced 0.002 in. apart. The isolated arm was terminated with
a 50 Chm termination mounted between the ground planes.

A D.C. voltage for biasing active devices under test
was required at port two of the load (see figure 4.4).
However, the stripline conductor leading to this port would
already have a D.C. voltage, imparted by the bias circuit
for one of the PIN diodes. This situation necessitated the

inclusion of the output bias circuit following the 10 dB
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coupler. The output bias circuit consisted of a series
capacitor followed by a bias circuit similar to those used

for the switchable terminations.

4.1.3 Small Signal Behavior

The PIN diode multiple impedance load works adequately
in band at both room temperature and at cryogenic
temperatures. Plots of the reflection ccefficients are shown
in figure 4.10 through figure 4.14. Note that at 1.55 GHz
the center four points are more closely spaced than the
exterior points, whereas at 1.2 GHz and 2 GHz the points are
evenly spaced. This indicates that the couplers in the
in-phase networks are coupled too strongly. The arrangement
of the points is also slightly distorted by the output bias
circuit. The average phase rotation of the reflection
coefficients as a function of frequency is 0.77°/MHz,

equivalent to the rotation induced by a 32cm airline.

4.1.4 Noise Temperature

The noise behaviour of the PIN diode multiple impedance
load leaves some unanswered questions. With the load at room
temperature and configured as a two port tuner, the output
noise temperature for each state was measured using the
circulator and tuner method described in section 3.4.2.1,
and was found to be within 5i of the ambient temperature.
These results were confirmed by numerous measurements of

passive devices. This result agrees with Leake (1982) who
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Ref{l}

Figure 4.10 Reflection Coefficients of the PIN Diode
Multiple Impedance Load at 1.2 GHz and 300K
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Re{l}

Figure 4.11 Reflection Coefficients of the PIN Diode
Multiple Impedance Load at 1.5 GHz and 300K
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Figure 4.12 Reflection Coefficients of the PIN Diode
Multiple Impedance Load at 1.8 GHz and 300K
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Figure 4.13 Reflection Coefficients of the PIN Diode
Multiple Impedance Load at 1.2 GHz and 12K
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Figure 4.14 Reflection Coefficients of the PIN Diode
Multiple Impedance Load at 1.5 GHz and 12K
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claims that excess noise generation is low. With the load at
12K ané configured as a one port, the noise temperature for
each state was measured using the method discussed in
section 3.4.4. The output noise temperature was found to
vary between 16K and 470K, and to increase in proportion to
the number of PIN diodes which were forward biased. It is
also evident that some of the PIN diodes contribute more
excess noise than others. These results were also confirmed
by measuring a passive dgvice. It seems very strange,
however, that the output noise temperature of this load

should increase when the load is cooled.

4.2 The Relay Multiple Impedance Load

This load was constructed in an attempt to reduce the
sensitivity of the noise parameter estimates to measurement
errors. The initial room temperature noise parameter
estimates displayed an extremely high sensitivity to
S-parameter measurement errors, and a sensitivity analysis
indicated that this would be reduced by using a noise
generator with a number of reflection coefficients spaced
evenly around the |Ig] = 1 circle.

The relay multiple impedance load was constructed from
six DB¢ type 2S1G11 coaxial relays and sections of
semi-rigid 50 Ohm transmission line, as shown in
figure 4.15. The design frequency was chosen to be 1.2 GHz,

with the hope of obtaining evenly spaced reflection

¢DB Products Inc., Pasadena, Ca.
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Figure 4.15 Simplified Diagram of the Relay Multiple
Impedance Load - the lengths of the transmission
lines marked by asterisks were chosen as.
described in the text
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coefficients from 1.2 GHz to 1.5 GHz. This load has 22
states, i.e. there are 22 possible distinct reflection
coefficients. In B8 of the states, the transmission path is
continuous from the terminals of the load to the open end of
the stub; in the other 14 states the transmission path
terminates in an open circuit inside one of the relays. The
load was designed as a 3 bit phase shifter with an
incremental phase shift of 11.25°, connected to an open
circuit: this determined the length of all but three of tha
transmission lines. The length of the open stub was chosen
so that the 8 states for which the transmission path
terminates inside relay K6 have reflection coefficients
which are 180° out of phase with the reflection coefficients
of the first eight states. These sixteen reflection
coefficients should be spaced 22.5° apart at the design
frequency. However, because the six relays have VSWR's as
large as 1.2, these sixteen reflection coefficients are very
unevenly spaced, with gaps as large as 65°. The lengths of
the two transmission lines marked by asterisks were chosen
so that the reflection coefficients of the remaining 6
states fill in the gaps at 1.2 GHz, 1.3 GHz, 1.4 GHz and

1.5 GHz caused by the relay VSWR. The maximum phase
difference between the reflection coefficients of adjacent
states is 33° at room temperature. The reflection
coefficients of this load are shown in figure 4.16 through
figure 4.19 below. The average prase rotation of the

reflection coefficients (excluding the reflection
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coefficients of the last six states which have a much
shorter transmission path) as a function of frequency is
1.75°/MHz, equivalent to the phase rotation induced by a 73

cm airline.

4.3 The Noise Measurement Receiver

The noise measurement receiver comprises the HP8970A
noise figure meter and additional instruments and components
which improve the frequency accuracy and which make it
easier to calibrate the noise parameters of the receiver. A

block diagram of the receiver is shown in figure 4.20.

4,3.1 Frequency Stabilisation

The characteristics of the noise measurement receiver
are determined in nart by the characteristics of the HPB970A
noise figure meter. The noise figure meter is specified to
have a frequeﬁcy accuracy of +10 MHz but its frequency
stability is not specified. The measurement bandwidth is
specified to be 4 MHz, The noise figure meter used for this
project was observed to have a typical frequency offset of
-3 MHz, and the frequency of its first local oscillator has
been observed to change by as much as 300 KHz in 10 minutes.
The other two internal local oscillators were observed to
have negligible frequency drift compared to the first local
oscillator. Without special compensation techniques, the
frequency error of the noise measurement receiver as a whole

will be equal to or worse than the frequency error of the
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Figure 4.16 Reflection Coefficients of the Relay Multiple
Impedance Load at 1.2 GHz and 300K
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Figure 4.17 Reflection Coefficients of the Relay Multiple
Impedance Load at 1.5 GHz and 300K
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Figure 4.18 Reflection Coefficients of the Relay Multiple
Impedance Load at 1.2 GHz and 14K
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Figure 4.19 Reflection Coefficients of the Relay Multiple
Impedance Load at 1.5 GHz and 14K
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Figure 4.20 Block Diagram of the Noise Measurement Receiver
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noise figure meter.

Analysis in chapter 6 shows that the frequency error of
the HP8970A noise figure meter is so large as to seriously
degrade the accuracy of the ncise parameter estimates. In an
attempt to alleviate this problem, the frequency
compensation system shown in figure 4.20 was developed.

Some of the instruments in figure 4.20 required minor
modifications. The first local oscillator signal is
available at a jack inside the noise figure meter. A cable
was added so that this signal is available at a jack on the
rear panel of the noise figure meter. The coarse tune output
signal of the counter had to be inverted and level shifted
before being fed to the sweep input of the external local
oscillator. Most Hewlett-Packard sweep oscillators do not
require this modification; instead it is sufficient to
reverse the start and the stop markers. The bandpass filters
each consict of a tubular 4.4 GHz high pass filter cascaded
with a 30 cm secti=n of S-band wave guide.

The arrangement of the mixers is such that the
measurement frequency is the sum of the first IF frequency
in the noise figure meter (2050:£10 MHz) and the frequency
difference between the external local oscillator and the
first internal local oscillator of the noise figure meter.
The source locking counter is connected so that it phase
locks the lower side band from the second external mixer,
which is the difference frequency of the two local

oscillators just discussed, to its internal frequency
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reference, thus stabilising the measurement frequency. The
remaining frequency drift is due to the drift of the source
locking counter and the drift of the other two local
oscillators in the noise figure meter.

Using this frequency compensation system, the freqguency
drift was observed to be less than 20 KHz, referenced to the
phase locking counter. It was also observed that the noise
power readings of the noise figure meter had become more
stable.

Due to the frequency drift of the measurement frequency
of the HP8970A noise figure metar it is difficult to
characterise the passband shape and to estimate the center
frequency of the passband. Because the passband gain changes
by as much as 0.13 dB in 250 KHz, the freQuency drift aiso
makes it difficult to observe the noise figure meter
detector linearity. However, using the frequency
stabilisation scheme just described and an HP8656
synthesized oscillator as a 950 MHz signal source at the
receiver input, it was possible to characterise :the passband
gain to within #0.03 dB every 250 KHz. From these
measurements it was then possible to estimate the center
frequency of the first IF of the noise figure meter as
2049.4 MHz. From this result it can be seen that most of the
frequency offset error in the noise figure measurement
frequency (3 MHz) is due to the first local oscillator.
Different results will undoubtedly be obtained for other

noise figure meters of this type, as the frequency accuracy
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is only specified to be +10 MHz. Using the frequency
compensation system of figure 4.20, the frequency of fset
should be less than 30 KHz.

The frequency compensation system described above was
first used without any filters or isolators. A large number
of unwanted low-level signals were observed in this
configuration. These unwanted signals were presumably due to
the small leakages of coherent signals from the various
mixers, propagating throughout the system and forming
products in other mixers. One of these unwanted sidebands
could potentially cause a serious measurement error if it
should occur within the measurement bandwidth of the system.
This problem was reduced by introducing the filters and
isolators shown, which reduced the level of most of the
spurious signals to the point where they could not be

observed with a spectrum analyser.

4.4 The Test Fixture and Calibration Standards

The transistor test fixture is a stripline fixture with
floating end plates constructed in the same way as the PIN
diode multiple impedance load. Two 50 Ohm stripline
transmission lines connect ihe device under test to coaxial
connectors mounted in the endplates. The transistor is
mounted in the center of the fixture with the gate and drain
leads each trapped between the dielectric and a stripline
center conductor. The transistor socket comprises two small

recesses set into two bars, each one attached to a removable
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section of the top and bottom ground planes. The source
leads of the transistor are trapped between the two bars.
The removable ground plane sections aliow the transistor to
be removed and replaced. Other ground plane sections which
fit in place of the above-mentioned sections allow a shorted
termination, an open termination, or a short transmission
line to be substituted for the transistor. These latter
devices allow one to calibrate the S-parameters of the noise
measurement system to the transistor socket. These devices
were chosen because they were the simplest devices which
could be made to fit in the fixture and which would have
predictable S;parameters at crycgenic temperatures. Simple
equivalent circuits for the three calibration standards,
pased on their physical dimensions and well known models of
the open and the step change in width discontinuities
(Gupta, Garg and Chadha, 1981} are shown in figure 4.21
through figure 4.23. More accurate models, arrived at using
the iterative procedure described in chapter 7 are shown in

figure 4.24 through figure 4.26.
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Figure 4.21 Equivalent Circuit for the Open Circuit
Calibration Standard
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Figure 4.22 Equivalent Circuit for the Short Circuit
Calibration Standard
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Figure 4.23 Equivalent Circuit for the Through Line
Calibration Standard
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Figure 4.24 Improved Equivalent Circuit for the Open Circuit

Calibration Standard
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Figure 4.25 Improved Eguivalent Circuit for the Short
Circuit Calibration Standard
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Figure 4.26 Improved Equivalent Circuit for the Through Line
Calibration Standard
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Calikration Techniques
In order to complete this project it was necessary develop a
number of calibration technigues. The purpose of this

chapter is to discuss those techniques.

5.1 Noise Generator Calibration

When a calibrated hot noise generator, such as an
HP346, is connected to a two-port tuner, the noise
temperature of the composite noise generator must be
calibrated. If the tuner is passive and its S-parameters are
known, that information is sufficient to determine the noise
temperature of the composite noise generator. If the noise
temperature of the tuner is unknown then the only possible
method of calibration is by noise measurements. In this
project, two technigues of generator noise temperature

calibration were used. These are discussed below.

5.1.1 Calibration From One Power Measurement

1f the noise parameters and the gain-bandwidth product
of the noise measurement receiver are known then the noise
temperature of a noise generator can be estimated from a
single power measurement, made with the unknown noise
generator connected to the receiver. By substituting

equation 3.13 into equation 3.10, and substituting that

143
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result into equation 3.3 the measured power is obtained as:

PREC = kAfGo(TG + TREC)“' (5.1)

where: k is boltzmann's constant
" T, is the noise temperature of the noise
generator
Ty is the excess noise temperatur: of the
receiver when the noise generator is

connected
where:
2
1 - |T
o= ITe] > (5.2)
|1 - FINFGI

where: T, is the reflection coefficient of the

generator

I,y is the input reflection coefficient of the

receiver.
The noise parameters of the receiver are evaluated for the
reflection coefficient of the noise generator to obtain the
excess noise temperature of the receiver. The product kAfGy
is available if the receiver has been measured using the

LRPG method or the method of section 3.4.4. From this

information, the noise generator temperature is obtained as:

P
Tg = —2EC— - T (5.3)

ukA£Gy

This method may be less accurate than the following method,
especially if the receiver noise parameters were determined
without using a noise generator having a reflection

coefficient near the reflection coefficient of the generator



145

under test.

5.1.2 Calibration From Two Power Measurements

If the noise parameters and gain bandwidth product ol
the noise measurement receiver are known, and a second
calibrated noise generator is available, with a reflection
coefficient near the reflection coefficient of the noise
generator under test, then the noise temperature of the
noise generator under test can be estimated more accurately
than by the previous method. Two power measurements are
made, one with the calibrated noise generator connected to
the receiver and one with the noise generator under test
connected to the receiver. If the two noise generators have
exactly or nearly the same reflection coefficient, then the
results are more accurate because they depend mainly on the
noise temperature of the reference noise generator and the
gain bandwidth product. The receiver noise parameters are
used only to compensate for the shift in generator
reflection coefficient, and this is a second order
correction. By applying equation 5.3 twice and subtracting,
the noise temperature of the noise generator under test is

obtained as:

P P 1
Tg = [———REC‘ ————RBCZ] + Tgy - Tz * T2 (5.4)
Ky %) kA£G

The quantities with the subscript "1" refer to the generator

under test, and the quantities with the subscript "2" refer
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to the calibrated noise generator. This appreach is from a

technique described by Martines and Sannino (1987).

5.2 S-parameter Calibration

In order to estimate the transistor noise and small
signal parameters it is necessary to calibrate the
S-parameters of the two composite two-ports which connect
the the transistor socket in the test fixture to the
cryostat ports. Each of these composite two-ports consists
of a coaxial feed-through throuch the cryostat wall,
approximately 10 in. of coaxial cable (connecting the
feedthrough, which is at 300K, to the fixture which is at
10K), approximately 1 in of stripline transmission line
(inside the fixture), various coaxial connectors, and a
coaxial to stripline transition. These composite two-ports
will be referred to as the "cryostat (transmission) lines"”.
Since the S-parameter test set is outside the cryostat, the
terminals inside the cryostat are inaccessible, and the
S-parameters of the cryostat lines cannot be measured
directly. Furthermore, the 50 Ohm termination normally used
for room temperature S-parameter calibration cannot be
connected in place of the transistor because of the
differing geometry, and in any case its reflection
coefficient at cryogenic temperatures is not predicatable.
Therefore, the S-parameters of the cryostat lines cannot be
estimated using the algorithm used to calibrate the

S-parameter test set. An algorithm or method was required to
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estirate the S-parameters of the cryostat lines from
S-parameter measurements made outside the cryostat with
various known terminations inserted in place of the
transistor.

Krazewski, Stuchly and Stuchly (1983) discuss an
analytic procedure to estimate the S-parameters of a
two-port from reflection coefficient measurements made at
one terminal with three known one-ports connected to the
other (inaccessible) terminal. Unfortunately, there were
only two one-port calibration standards available (an open
and a short) which won:ld fit in the transistor socket, so
this method could not be used. A third calibration standard
was available (a short transmission line), but this is a
two-port. To overcome this problem a calibration procedure
was devised to estimate the S-parameters of two (unknown)
two-ports from S-parameter measurements made with two known
one-port terminations and one known two-port connected to
the inaccessible terminals. That procedure was used to
calibrate the S-parameters of the cryostat lines.

Figures 5.1, 5.2, and 5.3 show the flow diagrams for
the calibration standards and tﬂe two-ports to be
cialibrated. Let M;; and Mj; be the measured reflection
coefficients of port 1 measured with port 3 terminated with
(known) reflection coefficients of "A" and "C" respectively,
as shown in figure 5.2. Let Mp; and Mp; be the measured
reflection coefficients of port Z measured with port 4

terminated with (known) reflection coefficients of "B" and
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Figure 5.1 Flow Diagram for the Unknown Two-ports Connected
to the Two-port Calibration Standard
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Figure 5.2 Flow Diagram for the Unknown Two-ports Connected
to the First One-port Calibration Standard

"D" respectively, "as shown in figure 5.3. Furthermore, let

My3, Mp; and M33 be the measured values of s;y, S22 and sy
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Figure 5.3 Flow Diagram for the Unknown Two-ports Connected
to the Second One-port Calibration Standard

when a two port is connected between ports 3 and 4 as shown
in figure 5.1, with sy = F,s32 = G and spy = S92 = E. The
two (unkncwn) +wo-ports are assumed reciprocal, so that the
measured values of S;; and s;; are the same. The
relationships between the measured values and the various
S-parameters can be found using Mason's Gain rule and are

given in equation 5.5 through egquation 5.11.

a + (b2 - ca)a

My = (5.5)
1 - Ac
£ + (e - £4)B

MZ“ = (5.6)
1 - Bd :
a + (b2 - ca)C

Mz = (5.7)

1 - ¢C
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£+ (e - £4)D
Mzz = (5.8)
1 - db

a(1 - Ga) + (b% - ca)(F + A(E® - FG))
M13 = 2 (5.9) .
1 - ¢cF - dG + cd(FG - E“)

£(1 - Fe) + (e2 - £4)(G + c(E%® - FG))
1 -~ ¢F - 4G + cd(FG - E°)

beE
M33 = 2 (5.11)
1 - cF - @G + cd(FG - E°)

The object is of course, te find the S-parameters of
the two outermost (unknown) two-ports; these are the liower
case variables. The upper case variables are all known
quantities. Equation 5.5 through equation 5.8 can be solved
to find the parameters "a", "b", "e" and "f" in terms of the
two parameters "c" and "d" and some known intermediate

gquantities. These relationships are:

a = X4 - X3¢ (5.12)
£ =Y - Y4 (5.13)
b% - ca = X3 + X,4¢ (5.14)
e? - £fd = Y3 + ¥,d (5.15)

The (known) intermediate quantities Xy through X4 and Y,



151

through Y, are given by the following:

Mg M2
Ry = B c (5.16)
A C
My - M
X2 = ——————1” 3 12 (5.17)
A
My - M
Mii _ M2
A C
Ma1 M2
B D
B D
My - M
v, = 22 (5.21)
B D
My - M
Yy = Xg%—a——gl (5.22)
May _ M2
B D

Equation 5.12 through equation 5.15 can be substituted into
equation 5.9 and equation 5.10 and factored to obtain the

following two relationships:

Xg = (X7 + C)(Xg + d) (5.24)
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Yg = (Y7 + C)(Ya + d) (5.25)

The (known) intermediate quantities Xg through Xg and Y5

through Yg are given by the following:
X5 = (My3 + X4) (E® - FG) + GX (5.26)

M3 - X; — X3F
Rg = ——=1 "3 . x.%g (5.27)
X5

2
(M - X,)G + (E° - FG)X
R, = —13 ! 3 (5.28)
X5

(M13 + X4)F - ij_

Xg = (5.29)
X5

Y5 = (Mp3 + ¥4) (B2 - FG) + FY (5.30)
Mag - Y; - Y36

Yg = =23 1 3° + Y5Yg (5.31)
s
(Mg3 +'Y4)G - Y

v, = —23 4 2 (5.32)
Y5

2

(Mp3 - Y4)F + (E° - FG)Y

vg = —23—-1 < (5.33)

Ysg

Equation 5.24 can now be solved for "c" and the result

substituted into equation 5.25 to obtain a quadratic in "d".



163

The two solutions to this guadratic are given by:

Xe - ¥
d="’% Xg + ¥Yg + 6 + (5.34)
Y7 -~ Xy
2 1
X~ Y Xg¥g — YX 2
:—;—[[83+Y8+ 6 6] -4[x8Y8+-—6—§——6—§-”
¥q - Xq Yy - Xy

These (numeric) solutions for "d" can now be substituted
into the previous eguations to determine two sets of the
S-parameters "a", "c", "d", "Ee, "b?" and ne?" It has been
observed that one of these sets is always passive or nearly
passive and the other set obviously does not correspond to a
paiv of passive two-ports. The former set is the correct
solvtion. If measurements have been made at a number of
frequencies and it is known that the unknown two-ports
behave approximately like transmission lines (which was the
case for the cryostat lines), a simple iterrtive algorithm
can now be used to find "b" and "e".

It should be noted that equation 5.11 was not used in
the above process. The author has observed that if there are
measurement or modelling errors, then when the S-parameters
estimated by the above procedure are cascaded onto the
S-parameters of the two-port calibration standard, the
calculated values of s;q and sy, agree exactly with the
measured values M;; and M3, but there is a discrepancy
between the resulting value of sp; and the measured value
M33. This is because M33 and equation 5.11 have not been

used in the algorithm just discussed.
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The additional information can be put to good use.
Suppose there is a circuit element in the model of one of
the terminations whose value is uncertain. This value can
then be iteratively adjusted, and the calibration algorithm
repeated, to minimise the size of the discrepancy. This
ought to result in a more accurate estimate of the value of
the parasitic element, and in a better estimate of the

S-parameters of the unknown two-ports.



Chapter 6
Measurement Errors

Estimates of the noise parameters of two-ports having a high
input reflection coeffirient are very sensitive to
measurement errors, especially S-parameter and frequency
errors. This chapter first examines the random and
systematic errors in the measurements used to obtain noise
parameter estimates, and then discusses the sensitivity of
the methods of estimation to these errors. In order to
obtain a reasonable result with a high reflection
coefficient device, instrument errors must be minimised and
a method of estimation with the lowest possible sensitivity
to measurement errors must be chosen. Even then, the error
of the estimate can be as large as 20%. For this reason,
noise parameter estimates must be checked by measuring a

passive device.

6.1 Instrument Errors

To obtain the data reguired to make noise parameter
estimates, measurements are made of received noise power and
of various reflection coefficients and S-parameters at a
given frequency. For the purposes of this project,
s-parameter and reflection coefficient measurements were
made using a modified Hewlett Packard 8410 S-parameter test
set (M. Chau, 1984), and noise power measurements were made
using an HPB970A noise figure meter. There are both random

and systematic errors in the measurements made by both these

155



156

instruments. In addition there is a significant discrepancy

in the center frequency of these two instruments.

6.1.1 S-Parameter Measurement Errors

The S-parameter test set used without an error
correction program has an accuracy of perhaps 10% of full
scale. Most of the error in the basic test set is
systematic. The HP85 computer error correction algorithm
developed by Chau (M, Chau, 1984) and later corrected by
vaneldik (J.F. Vaneldik, private communication) corrects for
linear errors using a model of twelve error vectors. In
addition to these linear errors (which are corrected for),
the test set suffers from measurement errors due to harmonic
skip, display non-circularity, display feed-through, DC
offset instability, and susceptibility to interference. The
display feed-through error has a maximum value of 1.2%. In
order to enhance the accuracy of the test set, a routine was
added to the HP85 program set which measures this error and
removes it from each measurement. It was found that the DC
offset fluctuates for as long as 10 minutes after the test
set display intensity is adjusted. Subsequent to this
discovery, 15 minutes were allowed for the DC offset to
stabilize after any display adjustment. It was also found
that the HP8411A Harmonic Convertor (part of the S-parameter
test set) was susceptible to magnetic interference, and that
two shielded pole motors in 4 in. cooling fans mounted on

the rear of the test set were causing baseband modulation of
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the RF signal. This problem was solved by using a single
cooling fan with a DC motor, mounted further away from the
harmonic convertor. The error due to display non~circularity
is less than 2%. - The error due to harmonic skip is 12°%in

phase or +3% in magritude (Chau, 1984).

6.1.2 Analysis of Frequency Related Errors

The frequency discrepancy between the noise figure
meter and the S-parameter test set is due mainly to
instability in th» measurement frequency of the noise figure
meter. The measurement frequency of the S-parameter test set
is determined by the EIP-575 source locking counter, which
has a frequency drift less than one part in 3x1077 per
month. This was the ﬁost accurate microwave counter
available to us, and was used as the freqguency reference for
all the work described in this thesis. The measurement
frequency of the noise figure mefer is specified to be
accurate only to *10 MHz and was found to be in error by
3 MHz and to vary by up to 300 KHz in 10 minutes.

At first glance these frequency errors appear to be
unimportant, since they are a small percentage of the
measurement freguency. It is perhaps more important to
compare the frequency error with the measurement bandwidth,
which is 4 MHz. Unfortunately, this comparison does not
begin to describe the true effects caused by an error in

measurement frequency.
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Since the measurement frequency is not used directly in
noise parameter estimation it is not immediately obvious how
to express the error due to a frequency discrepancy. It will
be seen that the effect of a frequency discrepancy can
conveniently be expressed as an error in the power
measurement. The following analysis also obtains the error
due to the noise power spectral density not being constant
across the measurement bandwidth of the noise measurement
receiver. The error due to non-zero bandwidth has been
discussed by Bosma (1967); however, his results are
considerably less detailed than the results which follow and
correspondingly less accurate. The severity of the errors
will be seen to depend on the magnitude of the reflection
coefficients in the noise measurement system and the lengths
of the interconnecting transmission lines.

The noise power spectral density delivered to a load
(such as a noise measurement receiver) as a function of
frequency can be expressed as a Taylor's series expanded

about the measurement frequency.
(f-fy)2

G(f) = G(fM) + G'(EM)(f-fM) + G"(fT) (6.1)
2

where: G is the power spectral density

fy is the measurement frequency

fr is a frequency between f and fy
Note that fq has been chosen so that the expression is
exact. The last term is sometimes known as the "Lagrangian”

form of the remainder of the series. This erpression can be
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integrated with respect to freguency to find the power
delivered over a given bandwidth centered at the measurement
frequency. The following result is obtained:

3
of
3

where: 6f is one half the bandwidth

f, is a frequency within the measurement

bandwidth

This is the power which will actually be measured. On the
other hand, the noise power which one desires to measure is
the noise power spectral density at the desired frequency,
multiplied by the measurement bandwidth. To facilitate the
comparison between the desired power and the measured power,
the spectral power density in equation 6.2 can be expressed
in terms of the spectral power density at the desired
frequency. The relative error is obtained by dividing the
measured power (given by equation 6.2) by the desired power.

The relative error is:

PREC 1 + G'(fz) f + G"(f1) 552 (6 3)

G(£y) (25£) G(fc) _  Glfc) 6

where: fc is the desired center frequency

f, is a frequency between f¢ and fy

fo is the offset frequency fy - f¢
Th.s expression contains two error terms, one of which
describes the error due to non-zero bandwidth and one of

which describes the error due to the frequency offset. If

one is simply seeking to determine the maximum error or the



behavior of tl»: error function, then f; and £, can be

replaced by f.. Zince iLhese are in fact our objectives,

160

these substitutions will be made in the following sections.

We must now find the maxima of the terms in equation 6.3 in

terms of the circuit small signal parameters.

Consider a noise generator and a noise measurement

receiver connected by a transmission line of length "1", as

shown schematically in figure 6.1. The quantities

represented by the vertices of the flow graph in figure 6.1

are given by:

\A|

V2

V3

Vs

where:

- 1
BG‘PBG + V3F1e JB

- 1
AT“’AT + vqi€ Jﬁ

Bp¥gy + val2

gvy
ie
l‘1=p1e1
je
Iy, = ppe 2
2nf
B =

g is the (unknown) gain from node vy to the
power meter

1 is the length of the transmission line

v, is the phase velocity on the transmission
line

(6.4)

(6.5)

(6.6)

(6.7)

These equations can be solved to obtain the signal measured
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Figure 6.1 Flow Diagram for a Noise Generator and Receiver
Connected by a Transmission Line

by the power meter as:

-jBl -j281
ve = AT"PAT + ch"gce + 1‘1 BT‘PBTe (6.8)
5 g - j 231 hd

1 - I'Te

By taking the autocorrelation of vg, one obtains the noise

power measured by the power meter as:

Ppec(£) = |g}% x (6.9)

-j2p1
B,2 + BypZpy 2 + ApZ + 2AgBrRe{aqlie 7}

1*-p,zpzz-2p1p2cos(231+¢)

where: ¢ =¢¢ + ¢

For many noise measurement systems, one can assume that all
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the small signal and noise parameters of the circuit
elements are constant over the frequencies of interest and
that all the frequency variations are accounted for by the
length of the transmission line.

It can now be seen that the relative errors obtained in
equation 6.3 depend on both the small signal parameters and
the noise parameters of the composite receiver and the noise
generator. If one attempts to obtain the maxima of the
relative errors by analytic methods, the algebra becomes
extremely complex. The problem can be simplified by assuming
that the correlation coefficient, ap, is zero. Given these
assumptions, the error terms derived in equation 6.3 as a

function of frequency are the following:

=G (£5) ¢

€1
G(fc)

(6.10)

__4mlfy 2p1pp5in(281+4)

¢4

P 1 +p12p22-2p1p2cos(231+¢)

_G"(f1) f_f_z_
G(fc) 6

es (6.11)

P1P2 [4«18f]2
= —= x
3

Vp

[4p1pg-(1+p12p22)cos(231+¢)-2p1p2cosz(231+¢)
1*-p12p22— 2p1p2c0s{2B1+¢)

1f the phase of the reflection coefficients is a strong

function of frequency this can be compensated for by
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adjusting the line length and the reflection coefficient
phase in the model. If, however, the magnitude of the
reflection coefficients is a strong function of frequency
then the error terms will be altogether different from the
results given above.

By applying some elementary calculus, it is possible to
£ind the minimum and maximum values of the error terms given
in equation 6.10 and equation 6.11. The first term has a

maximum excursion of:

4nlf, 2
€10 = + o 20182 (6.12)
Vp 1- 2 2
Py 02

The second error term achieves a minimum value of:

2

47léft

ey = [ ] P1P2 > (6.13)
Ve 3(1-p1p2)

If the product p;pz exceeds 4-y/75, then the second error

term has a maximum value of:

2 2 2 4 &
4716¢f 1+34 +p
ez2 = [ ] 1 Py A1 Pz (6.14)

Vp 48(1-912922)2

It is of interest to note that the power received and the
error terms are cyclical functions of frequency and are all
functions of the term cos(2B8l1+¢). The frequency spacing of
the extrema is inversely proportional to the transmission
delay of the interconnecting line. A change in the phase of
the reflection coefficients simply shifts the frequencies at

which the extrema occur.
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Figure 6.2 through figure 6.4 present graphs of the
error terms for some typical values of circuit parameters.
The worst case state (for error) of the PIN diode multiple
impedance load has a reflection coefficient with a magnitude
of .69 and a phase rotation equivalent to that induced by a
33 cm airline. The worst case state (for error) of the relay
multiple impedance load has a reflection coefficient with a
magnitude of .92 and a phase rotation equivalent to that
induced by a 69 cm ai-line. The additional lines and
fixtures in the cryc. :. : . .masurement configuration add a
transmission delay <7 .“#si.nt to 33 cm of airline.
Therefore, for the guirposes of estimating the error when
using the PIN diode multiple impedance load, a line length
of 66 cm is used, and a line length of 102 cm is used to
estimate the error when using the relay multiple impedance
load. From fiqure 6.2 through figure 6.4, the maximum error
due to a 1 MHz discrepancy is 32%, and therefore the 3 MHz
frequency offset of the HPBY70A is unacceptable. It must be
remembered that these estimates are arrived at by ignoring
the effect of the noise wave generator correlation, and
therefore the error might even be larger than these figures

indicate.

6.1.3 Power Measurement Errors
The noise power measured by the noise figure meter
undergoes a random, time independent fluctuation, which

results in a random error in the measured power. The



165

0.1
t
15
=
5
€3]
o 0.0 -
2
-~
=
)
(e
_0'1 1 1 " 1 i 1 i 1 S
1.15 1.25 1.35 1.45 1.55

Frequency ( GHz)

Figure 6.2 Relative Error Due to a 1 MHz Frequency Offset
for Cryogenic Noise Measurement with the PIN
Diode MIL (p;=0.69, p2=0.95, 1=66 cm)
amplitude of the fluctuation depends in a complex manner
upon the gains of the various stages of the noise measuring
system and the amount of noise added at each stage and is
therefore difficult to predict a-priori from circuit
characteristics; However, an estimate of the expected error
due to statistical fluctuation is easily obtained by making
a number of power measurements and calculating the standard
deviatioh; Then, the number of measurements and the
integration time can be adjusted so that the uncertainty of

the average of the measurements is sufficiently small. In
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Figure 6.3 Relative Error Due to the 4 MHz Noise
Measurement Bandwidth fcr Cryogenic Noise
Measurement with the Relay MIL {p;=0.92,
pp=0.95, 1=102 cm)

the final measurements the integration time and the number

of measurements were adjusted so that the population

standard deviation of the power measurements was

approximately 0.1%.

The signal and/or noise received by the noise figure
meter is amplified and down-converted to 20 MHz in several
stages, after which it is detected by a rather complicated
detector comprising a specially manufactured diode and a

circuit which provides D.C. bias current to the diode. The
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Figure 6.4 Relative Error Due to a 1 MHz Frequency Offset
for Cryogenic Noise Measurement with the Relay
MIL (p{=0.92, p=0.95, 1=102 cm)
detector output is proportional to voltage, and is measured
by an A/D converter which integrates over one power line
cycle. A microprocessor in the noise figure meter converts
the readings to power, and averages a number of readings.
The linearity of the detector depends on the bias current;
therefore there is no a-priori reason to consider the
detector linearity to be perfect. Using the fregquency
stabilisation scheme described in chapter 4 to reduce the
power level fluctuations due to frequency drift, the

detector was found to deviate 1.6% from per ect linearity
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25 3B below the maximum power level permitted at the

detector.



Chapter 7
Experimental Procedure and Results
This chapter explains how the equipment and technigues
described in previous chapters wvere used to measure a cooled
GaAsSFET transistor, and presents the estimated ncise

parameters.

7.1 Room Temperature Experiments

The room temperature experiments were performed to
check on the validity of the cryogenic results and to test
the proposed measurement procedures. Initial measuvements
were performed with just the PIN diode multiple impedance
load, and repeatedly generated non-physical noise parameter
estimates. A sensitivity analysis indicated that the noise
parameter estimates made with the PIN dicde multiple
impedance load alone were very sensitive to S—-parameter
measuremenc errors, and that it was necessary to build a
load with very large reflection coefficients to reduce this
sensitivity. Hence, the relay multiple impedance load was
constructed, reducing the maximum sensitivity to about 20.
Furthermore, this high sensitivity made it impossible to use
simple adaptor models and fixture models. To get good
results it was also found that the frequency offset of the

noise measurement receiver had to be stabilized.
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7.1.1 PIN Diode Multiple Impedance Load Noise Calibration
The PIN diode multiple impedance load was configured as
a two-port tuner, with an HP346B noise source connected to
poert 1. The method described in section 3.4.2.1 was used to
vcesent a fixed reflection coefficient to the noise
measurement receiver, shown in figure 7.1. The noise
temperature at port 2 of the PIN diode multiple impedance
lcad (see figure 3.2), with pov: i connected to a passive
termination, was found to be w::.in 5K of the ambient
temperature, or 3K of the physical temperature of the load.
Based on these results, the PIN diode multiple impedance
load was treated as a passive :wo-port tuner for all the

room temperature measurements.

7.1.2 Receiver and Noise Generator Calibration

A simplified diagram of the equipment configuration
used for room temperature receiver calibrafion is shown in
figure 7.2. Note that the PIN diode multiple impedance load
can assume one of two noise temperatures for each reflection
coefficient, depending on the state of the HP346C noise
source. The measurement frequencies were chosen to be
1.2 GHz, 1.3 GHz, 1.4 GHz, and !.5 GHz. The PIN diode
multiple impedance load, the relay multiple impedance load,
and the HP346C in the hot state were each connected to the
noise measurement receiver and noise power measurements were
made for all states. The noise paraheters and gain bandwidth

product of the receiver were estimated using the LRPG
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Figure 7.1 The Room Temperature Noise Measurement Receiver
Used for Noise Temperature Calibration of the
PIN Diode MIL

method, using all but the PIN diode multiple impedance load

"hot" measurements. The noise temperature of the PIN diode

multiple impedance load in the *hot" state was then

estimated using the two-power method described isn

section 5.1.2.

7.1.3 FET and Passive DUT Noise Measurements

A simplified diagram of the equipment configuration
used for room temperature noise measurements is shown in
figure 7.3. The fixture used is an earlier vefsion than the
one described in chapter 4, and cannot be calibrated to the

transistor socket. A Mitsubishi MGF 1412 GaAs FET was chosen
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(as per section 4.3.1)

HP346B
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Figure 7.2 The Room Temperature Receiver Calibration
Configuration
as the active DUT, and was biased at 3.00 V drain to source
voltage and 15.0 mA drain current. The relay mﬁltiple
impedance load and the PIN diode multiple impedance load
were each connected to the DUTs, aad power measurements made
for each state. The noise parameters of the RUTs were then
estimated using the LRPG method. The receiver noise
parameters were then de-embedded from the noise parameters
of the RUT (using the equations of section 3.4.3) to obtain
the noise parameters of the DUTs. At this point the noise
parameters of the passive DUT required no further
de-embedding; however, the noise parameters and S-parameters

of the fixture, the bias tees, and the attenuator had to be
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Figure 7.3

The Room Temperature Noise Measurement
Configuration
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Bixs 1 2 Bias
Tee Tee

|
3 48
Attenuator

Frequency Stabiiizzd

Noise Measurement Receiver
(as per section 4.3.1)

de-embedded to obtain the noise barameters and S-parameters

of the FET. Although, the noise parameters of the attenuator

and bias-tees were de-embedded without difficulty,

not possible to de-embed the noise parameters of the

it was

fixture. The reason for this is that the fixture used was

not constructed in such a manner as to make it possible to

measure its S-parameters to the transistor socket, and the

fixture itself was unreliable because certain ground plane

electrical connections, made with silver epoxy,

repeatedly. Results are given in table 7.1 through

table 7.5.

failed
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7.2 The Cryogenic Measurements

Simplified diagrams of the equipment confiqurations
used for cryogenic measurements are shown in figure 7.4 and
figure 7.5. The fixture used was described in chapter 4.
Relay K7 connects the appropriate multiple impedance load to
the fixture. Relay K8 connects the appropriate noise
generator to port one of the PIN diode multiple impedance
load. Each reflection coefficient state of the PIN diode
multiple impedance load can assume one of three noise
temperatures. The coldest noise temperature (called the
"cold" state) is assumed when relay K8 connects the
cryogenic termination to the multiple impedance load. The
next highest noise temperature (called the "warm" state) is
assumed when relay K8 connects the HP346B noise source to
the multiple impedance load, and the noise source is off.
The highest noise temperature (called the "hot" state) is
assumed when relay K8 connects the HP346B noise source to
the multiple impedance load, and the noise source is on.
Thus the PIN diode multiple impedance load actually has
forty-eight pussible states., The noise temperature of each
state of the relay multiple impedance load is assumed to be
its physical temperature, In figure 7.4 the apparatus can be
divided into two two-ports. The first, consisting of all the
connections between side one of the fixture socket and port
one of the cryostat, will be referred to as the 'input
line'. The second, consisting of all the connections between

side two of the fixture socket and port two of the cryostat,
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The Cryogenic S-parameter Measurement
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Figure 7.5 The Cryogenic Noise Measurement Configuration

will be referred to as the 'output line'. Note that the

cutput line is present in both measurement configurations.

The measurement frequencies were chosen to be 1.2 GHz,

1.3 GHz, 1.4 GHz, 1.5 GHz, and 1.6 GHz. It should be noted
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that no results for the GaAsFet are presented at 1.3 GHz;
this is because the noise parameter estimate for the passive
DUT is so clearly in error at that frequency. In addition,
none of the noise parameter estimates for the GaAsFET were
physical at this frequency, and it was not possible to
complete many of the calculations. Cryogenic S-parameter and
noise parameter measurements were made of a passive device
and the same itsubishi MGF 1412 GaAsSFET used for room
temperature measurements. The FET was placed in the fixture
with the drain connected to side 2 of the fixture and the
gate to side 1. The drain-to-source NDC bias voltage was held
at 3.00 V. The FET measurements were repeated for drain
currents of 10 mA, 15 mA , and 20 mA. The passive DUT was a
200 Ohm chip resistor, with gold-plated tabs soldered on
each end. When used, this DUT was placed in the fixture

socket in series between the two halves of the fixture.

7.2.1 Cryogenic S-parameter Calibrations

The three S-parameter calibration standards were placed
in the fixture and S-parameter measurements were made at the
cryostat ports. The models in figure 4.21 through
figure 4.23 were assumed as models for the S-parameter
calibration standards. The S-parameters of the input lire
and the output line were estimated by the method discussed
in section 5.2, The root mean square discrepancy between the
measured and predicted value of M3z was 0.031. The

S-parameters of the passive DUT and of the FET in the
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cryostat were then measured. Finally, the S-parameters of
the input and output lines were de-embedded from these
measurements, to obtain the S-parameters of the passive DUT
and the FET referred to the fixture socket. The FET
S-parameters are given in table 7.6.

The measurement configuration was then changed to that
of figure 7.5. The through-line calibration standard was
inserted in the fixture, and reflection coefficient
measurements were made at port two of the cryostat. The
reflection coefficients of the multiple impedance loads at
side one of the fixture socket were obtained by de-embedding
the S-parameters of the output line and »f the through-line

from these measurements.

7.2.2 Noise Generator Calibration

For the purposes of noise temperature calibration of
the PIN diode multiple impedance load, the receiver in
figure 4.20 was used without the bias tee and the attenuator
at the input. The noise parameters and gain of this receiver
were estimated from a single noise temperature measurement
using the method of section 3.4.4. The noise behavior of the
output line was assumed to be the same as if the entire line
had a physical temperature of 175K. This receiver was then
connected to the cryostat, with the through-line in the
fixture socket, and noise power measurements were made for
each state of the PIN diode and relay multiple impedance

loads. The output noise temperature of the PIN diode
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multiple impedance load at the input side of the fixture
socket was then found using the method described in

section 5,1.1.

7.2.2 The Passive DUT Noise Measurements
For the purposes of passive DUT noise measurements, the
receiver in figure 4.20 was used again without the bias tee
and the attenuacor at the input. The passive DUT was placed
in the fixture in the configuration of figure 7.5, and noise
oower measurements were made for each state of the PIN diode
i relay multiple impedance loads. The physical temperature
the fixture was between 10.7K and 14.5K..Noise parameters
the RUT comprising the passive DUT, the output line and
iocise measurement receiver were estimated using the LRPG
.4 described in chapter 3. The estimated noise
parameters of the receiver were finally de-embedded from the
estimated RUT parameters to obtain the estimated parameters
of the passive DUT cascaded with the output line, However,
upon attempting to de-embed the output line from these last
results, using the procedure in section 3.4.3, the noise
parameters were sufficiently non-physical that de-embedding

was not possible.

7.2.4 The Cryogenic FET Noise Measurements
For the purposes of FET noise measurements, the
receiver in figure 4.20 was used. The attenuator at the

input was necessary to prevent oscillations. The FET was
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placed in the fixture in the ceniiguration of figure 7.5,
and noise power measurements were made for each state of the
PIN diode and relay multiple impedance loads. for drain bias
currents of 10 mA, 15 mA and 20 mA. The physical temperature
of the fixture was between 10.7K and 14K. Noise parameters
of the RUT comprising the FET, the output line and the noise
measurement receiver were estimated using the LRPG method
described in chapter 3. The estimated noise parameters of
the receiver and output line were then de-embedded from the
estimated RUT parameters to obtain the estimated parameters

of the FET, These results are given in table 7.7.

7.2.5 Iterative Improvement of the S-parameter Calibration
In an effort to improve the accuracy of the noise
parameter estimates, an improved S-parameter calibration was
sought. Additional circuit elements were added to the models

of the S-parameter calibration standards as shown in

figure 4.24 through figure 4.26. The values of these
components were iteratively adjusted to minimise the RMS
discrepancy between the predicted and actual values of M33.
The final RMS discrepancy was 0.012. All the calculations
based on the S-parameter calibrations were then repeated,
reducing the RMS error of fit from approximately 15K to 10K.
The S-parameters and noise parameters of the FET and the
passive DUT improved by iteration are given in table 7.8
through table 7.11. In addition, de-embedding the output

line from the passive DUT uow proved possible. Passive DUT
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noise parameters, predicted from S-parameters, are presented
so that they may be compared to the noise parameters
estimated from power measurements as a test of the validity

of the noise parameter estimation procedure.



Table 7.1

Frequency
(GHz)

1.200
1.300
1.400
1.500

Table 7.2

Frequency
(GHz)

1.200
1.300
1.400
1.500

Table 7.3

Freguency
(GHz)

1,200
1.300
1.400
1.500
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Room Temperature Passive DUT S-Parameters

S11 521 S12 S22
Mag. Ang. Mag. Ang. Mag. Ang. Mag. Ang.
.65 52 .65 23 .65 23 .50 173
.77 29 .54 =10 .55 =10 .59 128
.87 6 .41 -43 41 44 - .68 84
.95 -20 .25 =77 .25 =78 .15 40

Passive DUT Room Temperature Noise Parameter
Estimated from S-Parameters

TMIN Tn Topr
(K) (K) Mag. Ang.
105 182 .64 =52
116 195 .74 -28
121 207 .85 -4
140 234 .94 20

Measured Passive DUT Room Temperature Noise
Parameters

TMIN TN FOPT RMS Error
(KR) (R) Mag. Ang. (K)
93 165 .65 =50 6
99 171 .76 -28 11
109 186 .86 -4 9

163 239 .93 20 10
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Table 7.4 FET Room Temperature S—Parameters

MGF1412 GaAs FET 3.00 V 15.0 mA in Fixture

Freguency 511 S21 St2 522

(GHz) Mag. Ang. Mag. Ang. Mag. Ang. Mag. Ang.
1.200 .97 17 3.84 -162 .028 113 .66 19
1.300 .98 =10 3,80 170 .030 87 .66 -6
1.400 .97 =35 3.80 145 .032 61 .67 =31
1.500 .97 -60 3.78 119 .034 35 .66 =57

Table 7.5 FET Room Temperature Noise Parameters

MGF1412 GaAs FET 3.00 V 15.0 mA in fixture

Frequency TMIN TN Topr RMS Error
(GHz) (K) (R) Mag. Ang. (K)
1.200 24 62 .80 -26 15
1.400 20 34 .89 25 10

1.500 28 74 .78 49 18
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Table 7.6 FET Cryogenic S-Parameters Before Iteration

MGF 1412 GaAsSFET 3.00 V 10 mA

Frequency S11 $21

(GHz) Mag. Ang. Mag. Ang.
1.200 .98 =25 4.01 156
1.400 .99 -31 4,18 34
1.500 .98 -32 3.96 -28
1.600 .98 -34 4,04 -88

MGF1412 GaAsFET 3.00 V 15 mA

Frequency S11 521

(GHz) Mag. Ang. Mag. Ang.
1.200 .98 =27 4,44 156
1.400 .99 -33 4.64 34
1.500 .98 -33 4,40 -29
1.600 .98 -36 4,50 -89

MGF1412 GaASFET 3.00 V 20 mA

Frequency S11 521

(GHz) Mag. Ang. Mag. Ang.
1.200 .98 =27 4,70 155
1.400 .99 =34 4,90 13
1.500 .98 -34 4.64 -29
1.600 .88 -37 4.76 =90

512
Mag. Ang.
.026 68
.032 =52
0032 -114
.034 -174

512
Mag. Ang.
.025 68
.030 =52
.030 -115
.033 =174

512
Mag. Ang.
.024 68
.029 =53
.029 ~-11%
.032 -175

S22
Mag. Ang.
.64 -22
.63 98
.64 -25
.66 -142

522
Mag. Ang.
.61 =23
.60 98
.61 =25
.63 -143

S22
Mag. Ang.
.59 -23
.58 98
.59 =25

.61 -143
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Table 7.7 FET Cryogenic Noise Parameters Before Iteration

MGF1412 GaAsFET 3.00 V 10 mA

Frequency TMIN Tn i OpPT

(GHz) (K) (R) Mag. Ang.
1.200 10 20 .87 18
1.400 9 29 .81 22
1.500 13 30 .82 23
1.600 11 21 .85 24

MGF 1412 GaAsFET 3.00 V 15 mA

Fregquency TMIN TN FOPT

(GHz) (K) (K) Mag. Ang.
1.200 11 21 .85 19
1.400 9 30 .80 22
1.500 i3 30 .81 24
1.600 11 22 .84 25

MGF1412 GaASFET 3.00 V 15 mA

Frequency TMIN TN Fopr

(GHz) (K) (K) Mag. Ang.
1.200 11 22 .85 19
1.400 9 31 .79 23
1.500 14 31 .81 24
1.600 12 25 .83 26

RMS Error
(K)

15
12
13
11

RMS Error
(K)

15
12
13
1

RMS Error
(K)

15
12
13
11

Table 7.8 Passive DUT Cryogenic S-parameters Improved by

Iteraticn

Frequency  Sii S21

(GHz) Mag. Ang. Mag. Ang.
1.200 .11 -8 .29 -9
1.300 .70 -9 .28 =69
1.400 .69 =11 .30 -129
1.500 71 =11 .28 171
1.600 .69 =12 .29 110

512
Mag. Ang.
.29 -9
.28 -69
.30 ~-129
.28 171
.29 110

522
Mag. Ang.
.64 -10
.65 5
.65 .15
.64 -9
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Table 7.9 Passive DUT Cryogenic Noise Parameters Estimated
From S-parameters Improved by Iteration

Frequency Tar Tgr ap

(GHz) (K) (K) Mag. Ang,
1.200 53 52 .999 -172
1.300 55 53 .996 -171
1.400 48 49 1,001 -169
1.500 54 53 .998 -169
1.600 51 50 .998 -168

Table 7.10 Measured Passive DUT Cryogenic Noise Parameters
Improved by Iteration

Frequency Tar Tgr ap RMS Error
(GHz) (K) (K) Mag. Ang. (K)
1.200 49 54 .998 -157 16.67
1.300 -110 -27 1.195 -4 15.76
1.400 14 50 1.100 -150 15.76
1.500 69 67 .979 -172 15.78

1.600 21 34 1,115 -143 18.35
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Table 7.11 FET Cryogenic Noise Parameters Improved by
Iteration

MGF1412 GaAs FET 3.00 V 10 mA

Frequency TMIN Tn Topr RMS Error
(GHzZ) (K) (K) Mag. Ang. (K)
1.200 14 19 .85 21 8
1.400 5 18 .85 26 5
1.500 13 28 .79 28 14
1.600 11 15 .87 30 14

MGF1412 GaAs FET 3.20 V 15 mA

Freguency TmIN Ty Fopr RMS Error
(GHz) (R) (K) Mag. Ang. (K)
1.200 13 18 .85 22 9
1.400 5 19 .84 27 5
1,500 13 29 .78 28 14
1.600 11 16 .86 31 14

MGF1412 GaAs FET 3.00 V 20 mA

Frequency TMIN Tn Fopr RMS Error
(ciz) (K) (K) Mag. Ang. (K)
1.200 14 19 .85 23 9
1.400 6 22 .83 28 5
1.500 13 30 .77 29 13

1.600 13 17 .85 32 14
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Table 7.12 FET Cryogenic S-Parameters Improved by Iteration

MGF1412 GaAs FET 3.00 V 10 mA

Freqguency

(GHz)

1.200
1.300
1.400
1.500
1.600

MGF1412 GaAs FET 3.00

Frequency

(GHz)

1.200
1.300
1.400
1.500
1.600

MGF1412 GaAs FET 3.00

Frequency

(GHz)

1.200
1.300
1.400
1.500
1,600

S11

Mag. Ang.
.99 =30
.97 =31

1.00 =37
.99 =37
.98 -41

S11

Mag. Ang.
.98 -31
097 -33

1.01 -39
.99 -39
.97 -43

S11
Mag. Ang.
.98 =32
.97 -34
1.01 =40
.99 -40
.97 -44

521
Mag. Ang.
4,42 153
4,23 150
4,73 148
4.44 146
4.67 143
Vv 15 mA

521
Mag. Ang.
4.89 152
4.92 150
5.25 148
4.94 145
5.19 142
vV 20 mA

521
Mag. Ang.
5.17 151
5.20 149
5.54 147
5.20 145
5.49 141

S12
Mag. Ang.
,029 65
.031 65
.037 62
.035 60
.039 57

S12
Mag. Ang.
.027 64
.030 65
.034 62
.034 59
.038 57

12
Mag. Ang.
.026 64
.029 64
.033 61
.033 59
.037 56

522
Mag. Ang.
.59 -24
.68 -28
.9 =27
.68 =32

S22
Mag. Ang.
.67 =22
.66 -24
.65 -29
.66 =27
065 —33

S22
Mag. Ang.
.65 -—22
.64 -25
-62 —29
.64 -28

.63 -33



Chapter 8
The APL Programs

The experimental work described in this thesis generated a
large volume of data which needed to be reduced by various
methods of curve fitting, cascading, de-embedding, circuit
eleme' - .~ deling and numerical sensitivity analysis. Many of
these s«Culations were sufficiently lengthy that they could
not reliaply be done by hand. In general, each calculation
had to be repeated at each measurement frequency and for
each state of the noise generator. The number of generator
states and measurement frequencies varied from experiment to
experiment. The circuit analysis programs COMPACT and
TOUCHSTONE were available; it was decided not to use these
programs because they did not support calculations for
multiple circuit states and did not allow the user to0 write
new noise parameter estimation subroutines.

A software package called IMPCAP (for Interactive
Multiple Parameter Circuit Analysis program) was written by
this author in APL’ and was used for all the modelling and
noise parameter estimation performed for this thesis. The
purpose of this chapter is to present the dotails of this
software package, including the syntax and data structure
which have been developed. Appendix 2 contains a brief
summary of each program, and a complete listing (about three

hundred pages) can be obtained from the author. Although the

1yS APL Release 3, © International Business Machines
Corporation 1975,1976,1978 modified for the Michigan
Terminal System at the University of Alberta
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program has been written in APL, it is hoped that this
information would be useful if such a program were to be

written in another computer language.

8.1 The APL Language

APL is a programming language based on a number of
unusual concepts. Program and variable names are made up of
characters from an alphabet which is extended beyond the
usual Roman characters. A single file is used to hold both
the programs and the data. APL has on the order of sixty
predefined functions, each represented by a spetial symbol.
With a few minor exceptions, these functions arm defined for
array as well as scalar operations. For those not familiar

with APL, a brief description is given in chapter 2.

8.2 The IMPCAP Workspace

The IMPCAP workspace contains some two hundred
functions which comprise approximately fifty kilobytes of
source code. The "subroutine" nesting can be deeper than ten
levels in extreme instances. As a result, a high degree of
organization and good documentation is required to maintain
system integrity.

In the IMPCAP workspace each circuit element is
represented by an array of rank 3 or more, henceforth
referred to as the "standard form". The standard form
tabulsies the circuit parameters against frequency and

contains flags which indicate which sets of circuit
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parameters are tabulated and what type of circuit element is
represented. The standard form consists of a pumber of
sub-arrays, each of which contains data referring to a
particular type of circuit parameter. This scheme is
inefficient in utilizing computer memory because space must
be allotted for each possible type of circuit parameter,
even if that circuit parameter is not specified for a
particular circuit element. In addition this scheme is very
difficult to modify, making programming more time consuming.
The CPU time used to transfer data in and out of this format
is greater than that used to transfer data to an array with
a single axis (a vector). For these reasons the structure of
the standard form will not be described in detail. A much
better scheme, w:ich has been tried in another application,
but which has not yet been implemented for IMPCAP, is to
store the data in a vector, with pointers to indicate how
the eleﬁents of the vector are allocated.

Wwhen an IMPCAP function handles a standard form
variable, it first passes that variable to a common
subroutine which transfers the data to smaller (secondary)
arrays each of which contain a particular type of circuit
parameter. The name of each of these secondary arrays is
fixed from program to program, and this simplifies the
programmers job enormously. These secondary arrays all have
a similar structure, and this also simplifies programming.
‘The first array axis indexes the real and imaginary parts of

the data, and is of length one if the data is real. The
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second axis indexes the frequency and the third axis indexes

the various parameters. If it is desired to store data

corresponding to different circuit states in one array, the
fourth and higher axes are used to index the data
corresponding to the different circuit states. For example,
if some circuit element is varied, the fourth axis can be
used to index the data corresponding to the different states
of that element. If a second circuit element is also varied
independently, the fifth axis can be used toc index the data
corresponding to the states of the second element, and so
on.

The standard form can represent one of three tyées of
circuit elements, and contains different sets of circuit
parameters for each type. The standard for for the three
types of circuit elements are described below.

1. A one-port. The standard form representing a one-port
contains two sets of one-port small signal parameters, a
set of one-port noise parameters, the small signal gain
and an auxiliary field useful for indicating error,
uncertainty or noise temperature. The primary small
signal parameter and noise temperature refer to the
conditions at the terminals of the cne-port. The
available gain, and the additional noise temperature and
reflection coefficient allow one to store (and
manipulate) the gain, excess noise temperature and
generator reflection coefficient of a cascade.

2. A two-port. The standard form representing a two-port
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Figure 8.1 The Array Structure for Complex Data

contains one set bf small signal parameters and one set
of two-port noise parameters. Both sets of parameters
refer to the conditions at the terminals of the
two-port.
3. A "receiver”. This is actually a two-port with one port
inaccessible, hence the small signal parameters are
those of a one-port, but the noise parameters are those
of a two-port. The standard form representing a receiver
contains two sets of one-port small signal parameters,
one set of two-port noise parameters, the small signal
gain and an auxiliary field. This arrangement allows one
to store the input reflection coefficient, noise -
parameters and power gain of a receiver, as vell as a
noise measurement of some sort and the generator
reflection coefficient with which that measurement was

made.
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The IMPCAP workspace is a closed within open design.
Since the manipulations involved in the circuit modeling,
sensitivity analysis and noise parameter estimation required
for this thesis were unpredictable as to nature and
sequence, the functions which implement these things were
written as an open workspace. However, data entry into the
standard form is repetitive (leading to more frequent user
error) and predictable, so this part of IMPCAP was written
in closed form.

The functions in the workspace are divided into four
classes. The first class is that of the functions intended
to be executed directly by the user. These are the main
IMPCAP functions. Data is expected in standard form, and
this data is checked for errors. The next class is that of
the specific subroutines. These functions are executed only
by one or by a limited number of main IMPCAP functions or
other specific subroutines. Yet another class is the class
of general subroutines. These are executed by many of the
main IMPCAP functions and by the specific subroutines. The
last class of functions consists-of those that function as
system variables; The system variables have been replaced by
niladic functiors so that they cannot be easily changed, and
so that changes which are made can be documented. None of
the subroutines expect data in standard form, and most do
not check che data for errors, since this is the programmers

responsibility.
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IMPCAP functions and variables are named so as to allow
the user to distinguish between classes of objects, and to
avoid inadvertent conflicts between object names. Names
starting with A through Z are reserved for variables and
functions generated by the user, and for local variables.
Names starting with A through Z are used for IMPCAP
functions intended to to be executed directly by the user
(the "main IMPCAP functions"), and for global variables used
to transfer data to IMPCAP subroutines. Names starting with
A and A are reserved for IMPCAP subroutines and IMPCAP
system variables. The IMPCAP subroutines are subdivided into
the three classes by further naming conventions which are
not discussed here.

Workspace integrity is maintained by a number of
devices. All the main IMPCAP functions are written so as to
be independent of all the other main IMPCAP functions and
all but two of the global variables. This is easily verified
by erasing all the global variables and executing the
function under test. If any "new" variables appear, these
are used in the function under test and have not been
declared. Thus there is no way a main IMPCAP function can be
affected by modifying any other global variable or any other
main IMPCAP function. The general subroutines and the system
variable subroutines are short, well documented and changed
infrequently. In addition there is an IMPCAP function which
will insert a line with the time, date and IMPCAP version as

the second line in a function. This program is used
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religiously after every change to an IMPCAP function, and in

this way version control is maintained.

8.2.1 Some Details

Since this version of APL has no special internal
representation for complex numbers, some convention must be
used to represent complex numbers, and functions are
required to perform complex arithmetic. The public workspace
46 COMPLEX contains an extensive library of functions for
complex arithmetic, and uses a convention whereby a complex
variable is represented by an array whose first axis is of
length two and indexes the real and imaginary parts of the
array. This convention was used for all the complex
variables in the IMPCAP workspace, and many of the functions
in 46 COMPLEX are used as general subroutines. Real data in
the IMPCAP workspace is represented by a similar array, with
the first axis of length one. Most of the general
subroutines are written in such a way as to accept arrays
with any number of additional axis of any length, and to
perform manipulations on all the array elements
simultaneously. In this way, looping to handle successive
frequencies and successive circuit element states is
completely avoided.

Every main IMPCAP function begins by calling a general
subroutine which transfers the data from each standard form
argument into five 46 COMPLEX type variables (one for each

parameter set) and generates additional variables indicating
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the type of circuit parameters, the frequencies tabulated,
and some identifying information. If both arguments of the
function are in standard form, they must represent the same
set of frequencies and be of the same rank. After calling a
data transfer subroutine, every main IMPCAP function then
calls a general subroutine which transforms each of the sets
of circuit parameters to the type required, and checks that
all the required data is available. Any data returned by a
main IMPCAP function is assembled into standard form by a
general subroutine. Because the same four subroutines are
used for all the data transfer operations, consistency is
easy to maintain, and modifications are easily implemented.
The problem of parameter conversion is complicated by
the large number of two-port small signal and noiée
parameter sets, and by the fact that one would prefer not to
have to write conversion subroutines between each pair. This
problem was solved by using a chart, generated by a niladic
function, indicating which sequences of conversion
subroutines lead to a particular parameter type. The main
conversion subroutine is given the data to be converted (in
46 COMPLEX form), flags indicating which parameter sets are
required, and uses the chart to choose the appropriate
sequence of subroutines to obtained the desired parameter
set. 1f there is no sequence leading to the desired
parameter set, an error messSage is returned. This scheme
performs parameter type checking as well as parameter

conversion, and allows one to start with very few conversion
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routines, adding more routines at will,

A summary of the main IMPCAP functions is given in

appendix 2.



Conclusions

A noise generator having an electronically controlled
reflection coefficient and operating at both room
temperature and cryogenic temperatures was built. The use of
this noise generator for room temperature and cryogenic
noise parameter measurements wcs demonstrated. When
measuring devices which have a high input reflection
coefficient, the accuracy of the zethod was not very high.
However, the major sources of error were identified and
progress was made in reducing these errors.

The  original noise parameter estimates vwere very
sensitive to S-parameter measurement errors. This problem
was alleviated by increasing the accuracy of the S-parameter
test set, and by adding noise generator states that have
high reflection coefficients. The added reflection
* coefficients reduced the condition number of the least
gquares estimate and the sensitivity of the estimated noise
parameters to measurement errors.

A number of new measurement techniques were developed.
A method was developed of holding the noise temperature of
the noise measurement receiver constant; this makes it
easier to determine the noise contribution of the receiver.
Another method was developed whereby the noise parameters of
a composite noise measurement receiver can be determined
from one noise temperature measurement of the composite
receiver and one two-port S-parameter measurement of the
unilateral element which is the front end of the composite

198
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receiever. The unilateral element is only assumed to be
passive and unilateral; no other conditions need be met. A
new S-parameter calibration method was introduced which
allowed the use of simple, lossless, broadband calibration
standards to calibrate the S-parameters of the fixture and
the associated transmission lines to the fixture socket.
Because the standards were lossless, their behavior was easy
to predict at cryogenic temperatures.

Material presented in this thesis shows that a
frequency discrepancy between the measurement frequency for
small signal measurements and noise measurements can be
treated as an error in the power measurements. The error is
first found as a function of the frequency discrepancy, the
noise measurement bandwidth, and the first and second
derivatives of the power spectral density with respect to
frequency. Formulae are presented which predict the error
for the common situation where the noise generator and
receiver have reflection coefficients whose magnitude is not
a function of freguency. These results demonstrate that
measurement errors increase as the magnitude of the
reflection coefficients of receiver and generator increases
and as the rate of phase rotation of these reflection
coefficients with frequency increases. This thesis describes
a system which reduces the frequency discrepancy by at least
a factor of ten.

The author introduced the use of the singular value

decomposition and the condition number to estimate the
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uncertainty of the least squares of noise parameters. These
concepts proved a useful conceptual tool in redesigning the
experimental apparatus to reduce the sensitivity of the
noise parameter estimates to measurement errors. However,
the rank-reduced fitting procedures have met with limited
success, possibly due to the lack of alternative accurate
experimental data.

The author has introduced a new notation which
simplifies the circuit analysis of linear noisy networks.
This new notation was used to derive new equations for
cascading and de-embedding linear noisy two-ports, and to
perform the circuit analysis for a new method of receiver
noise parameter calibration (that using a unilateral
element) mentioned above.

A program was written and tested that performs circuit
analysis of noisy linear networks for a large number of
circuit states and frequencies simultaneously. This program
was invaluable in the modelling of the noise measurement
system and in the estimation of noise parameters. Because
the source code was available, new noise parameter
estimation algorithms were easily implemented. Some aspects

of this program are discussed in the thesis.

Recommendations
The task of measuring low noise Ga2As FET parameters at
L-band is very difficult because of the extremely high

gate (input) reflection coefficient of these devices in this
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region. This task should become simpler as frequency
increases because the input reflection coefficient of these
devices falls with increasing frequency. Noise parameter
measurements of low noise HEMTs will be more difficult
because these devices have even higher input reilection
coefficients than GaAs FETs.

In the course of these measurements, great demands were
placed upon the accuracy of the S-parameter measurements.
For noise parameter measurements of devices such as the
MGF1412 GaAs FET or HEMTs, it is crucial to use an
S-parameter test set designed for automated high speed
measurements, such as the HP8510, and an accurate set of
S-parameter calibration standards. Improved results could
also be obtained by developing better models of the
S-parameter calibration standards used to calibrate to the
fixture socket. Particularly, the short calibration standard
is offset from the center of the fixture socket; this ofliset
has proved very difficult to measure. The offset might e
determined by iterative adjustment to reduce the disc:epancy
between the calculated and measured values of the uiiused
S-parameter as discussed in the thesis.

It is important to reduce the sensitivity = the
estimated noise parameters to measurement ert.:=sS. When
measuring two-ports having high input reflection
coefficients, this can be accomplished primarily by using a
noise generator having both large and small reflection

coefficients with the same phase angles as Fopr and P; of
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the DUT cascaded with the noise measurement receiver. Unless
the noise parameters of the DUT and the noise measurement
receiver are known in advance, the noise generator must have
an even distribution of reflection coefficients on the
reflection coefficient plane within the unity reflection
coefficient circle.

The accuracy of the estimated noise parameters could
also be impreoved by increasing the accuracy of the noise
power measurements. It is extremely important to keep
transmission lines betwean the DUT input and the noise
generator as short as possible. The change of the noise
generator reflection coefficient with frequency, in
magnitude and in angle, should also be minimised. The
accuracy of the noise power measurements could also be
improved by decreasing the noise measurement bandwidth.

The use of passive DUTs having a range of reflection
coefficients has proved extremely useful in determining the
accuracy of these noise measurements. The passive DUT used
for the cryogenic noise measurements was a series 200 Ohm
resistor; this was not a good choice because the magnitude
of Tgpr for any series resistor is 1, and small measurement
errors may easily result in non-physical noise parameter
estimates (|Topr| 2 1). A better passive DUT for cryogenic
noise measurements should have a magnitude of Iopr
approximately equal to 0.9.

When investigating new methods of noise parameter

estimations it is necessary to have access to the source
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code of a circuit analysis program so that new algorithms
can be implemented at will. The IMPCAP program described in
this thesis has proved invaluble for 'this purpose. The data
structure used for storage (as opposed to calculation) by

this program should be modified to be simpler and use less

memory.
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appendix 1 - A Brief Description of APL

The following is a brief description of APL, which
introduces some concepts and terms specific to APL. A more
complete descr1pt10n of APL may be found in Gilman and
Rose (1976).

APL is an interactive, interpretive language. The APL
alphabet consists of the capitalized Roman letters, the
underlined, capitalized Roman letters, the Roman numerals,
the Greek capital delta and the underlined Greek capital
delta. In addition, the APL interpreter recognizes
approximately sixty special symbols which represent built in
functions such as addition, subtraction, random number,
matrix inverse-and least squares £it. An APL workspace is a
file which contains all the programs, which are called
functions, and variables which can be used when that
workspace is active (1oaded). Each object (function or
variable) has a name which is made up from the APL alphabet.
Function names and variable nameS are not distinguished in
any way, consequently no function and variable can have the
same name.

An APL variable may contain either string, logical or
numeric values, and can be a simple variable or an array
with any number of dimensions. An APL variable exists as
soon as some value is assigned to it; there is no facility -
to declare variable.type or size. If an APL variable is
declared in the first line of a function, that variable is
said to be "local" to that functinn, in which case the
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definition of that variable when the function is executing
is independent of, and separate from, its definition
otherwise. 1f an APL variable is defined when no function is
executing, it is said to be "global”.

An array can be visualized as a cell structure with a
number of axes. Each cell is a generalized cube with the
same number of axes as the array, containing one element of
the array. The number of cells along each array axis is
referred to as the length of that axis. The shape of an
array is the vector of the lengths of all the axes, its rank
is the number of its axes. An element of an array is
referred to by its index along each axis. Arrays of rank 0
and arrays having axes of length 0 are allowed; these arrays
contain no elements.

any function can be referenced by any other function;
recursion is allowed. Each function may have no arguments
(niladic), a right argument (monadic) or a right and a left
argument (dyadic). A function may or may not return a value.
Since data passed to a function via its arguments is limited
to two variables, and data returned by a function is limited
to one variable, additional data is often passed via global
variables. If a function is intended to be used directly by
the user, it is poor design to pass data to the function via
global variables because it is not immediately obvious to
the user that this linkage exists. Thus, the user may change
a variable, and this may affect his results in some way he

does not realize.
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A software package in APL can be written as a 'closed'
or an 'open' workspace, or a combination. In an 'open'
workspace, the user input is interpreted directly by the APL
interpreter, and any valid APL expression will be executed.
The software package consists of a number of functions and
variables which, when used appropriately, produce the
desired result. User errors may cause an error message to be
generated by the interpreter or by one of the functions in
the workspace. Since interpreter error messages are
necessarily of a general nature, they are usually less
helpful than error messages generated by functions written
specifically for the workspace. User errors may even damage
the system variables in the workspace and cause future
results to be invalid. This type of workspace is more
flexible but less user friendly.

In a closed workspace, the user input is passed
directly to an APL function which performs error checking,
and then generates the appropriate actions. with a
considerable amount ci work, this type of work space can be
made very user friendly. A closed workspace is better suited

to the novice user, and to well defined applications.



Appendix 2 - A Summary of the Main IMPCAP Functions

This appendix lists each of the IMPCAP functions, followed

by a short description. The main IMPCAP functions can be

divided into several groups. The first group are the

functions used for documentation:

1.

CHANGES: This function modifies the the target function
(whose name is given as the right hand argument) so that
the second line is a comment containing the current
time, date and IMPCAP version in a standard format. The
revision time and date of IMPCAP is then updated.
DISLOG: This function displays the workspace activity
log, which is located in the variable ALO"
EDLOG: This function converts the workspace activity
log, located in the variable ALOG, to a function LOG, so
that the activity log can be edited using the function
editor, or executed.
HDRS: This function displays the name, IMPCAP version,
revision time and date of each function in the
workspace, sorted by date. This allowe one to determine
which functions have recently been modified. |
L: This function accepts keyboard input as a string,
appends the string to the activity log, ALOG, and
executes the string. Input which generates an APL
interpreter error is appended with '"***FAILED' in the
activity log. .
RESTALOG: This function converts the function LOG back
to the variable ALOG.
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7. REVDATE: This function displays the revision time and
date and the IMPCAP version number.

The second group consists of the functions used for
data input and output from standard form variables.

1. DATA: This function is used to enter data into standard
form variables, and is actually a small interpreter
which recognizes nine commands.

2. DISP: This function displays data in polar form
tabulated by freguency.

3. DISR: This function displays data in rectangular form
tabulated by frequency.

4. FRQ: This function displays the sytem variable AFTAB,
which lists the tabulation frequencies used for data
input and circuit element modeling.

5. FTAB: This function sets the vector AFTAB (a system
variable) which is a list of the frequencies ved for
data entry and circuit element modeling.

6. INIT: This function generates an "empty" stan’ ~ torm
variable using AFTAB

7. SMITH: This function plots the real and it
components of the scattering parameters using ‘.
scale factors and plot size. One scale factor is e
adjust the vertical scale factor and the other is .
to adjust the scale of the horizontal axis relative .
the vertical axis to compensate for the different aspect
ratios of the type used on different terminals.

8. SMTH: This function is an abbreviated form of SMITH with
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the scale factors and plot size fixed. This function is
designed to be used on an Anderson Jacobson AJ510
terminal.

STATUS: This functions displays the shape, frequencies
of tabulation and type of circuit parameters of a
standard form variable.

The third group are functions designed to change the

shape of a standard form variable.

1.

LIKE: This function modifies a standard form argument of
rank 3 by adding extra axes (the data is replicated) so
that the shape of the result matches that of the other
argument.

JOIN4: This function concatenates two arrays along the
fourth axis. Both arrays must have at least four axes
and the same shape, excepting the fourth axis.

JOIN5: This function concatenates two arrays along the
f£ifth axis. Both arrays must have at least four axes and
the same shape, excepting the fifth axis,

SELECT: This function selects data from a standard form
variable by choosing a subset of indices along an axis
or by choosing one index and deleting that axis.

XTEND: This function adds an extra axis to and/or
lengthens an existing axis of a standard form variable.

Another group of functions models circuit elements.

Each of these functions use the variable AFTAB for the list

of frequencies.

1.

MATCH: This function generates the scattering parameters
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of an ideal 50 Ohm termination .

2. OPEN: This function generates the scattering parameters
of an ideal open circuit.

3. PASSNP: This function calculates the noise parameters of
a passive one oOr two-port given its S-parameters and
physical temperature.

4. SHORT: This function generates the scattering parameters
of an ideal short circuit

5. RLCPA: This function generates the impedances of a
parallel RLC circuit.

6. RLCSE: This function generates the impedances of a
series RLC circuit.

7. TRL: This function generates the scattering parameters
of a transmission line of specified characteristic
impedance, physical length, dielectric constant and
attenuation.

8. TRM: This function generates the scattering parameters
of a lossless 50 Ohm transmission line of specified
length.

9. STPWSL: This function generates the scattering
parameters of a step change in width of a stripline
using the model found in Gupta (1981).

Yet another group of functions is used to model the
effect of circuit interconnections.

1. CAS: This function calculates the small signal and noise
parameters and the applicable gain of a two-port

cascaded with a one-port, two-port or a receiver.
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DECAS This function removes a cascaded two-port
from a one-port, two port or receiver.
DERCVR: This function removes a receiver from a
receiver - two-port cascade using the method of
section 3.4.3.
FLIP: This function reverses the orientation of a

two-port represented by an array standard form variable.

PWR

SHUNTEL: This function calculates the two-port
S-parameters of an impedance connected in shunt and can
be used to model a parrellal branch transmission line.

SEREL: This function calculates the two-port
S-parameters of an impedance connected in series and can
be used to model a series branch transmission line.
Another group of functions is used for general analysis
comparison of data.

ABS: This function takes the absolute value of all the
data in a standard form variable. Data pairs which
represent complex numbers are treated as such.

AVG: This function averages all the data "along" a
specified axis in a standard form variable. The
specified axis disappears. |

COMB: This function combines the data in two standard
form variables into one, if the two variables do not
contain data of similar types.

COMP: This function compares the data in two standard

form variables by subtraction.
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CONV: This function converts the data in a standard form
variable into a specified parameter set.

MAXABS: This functions finds the maximum absolute value
of the data along a specifiecd axis in a standard form
variable. The specified axis disappears. Data pairs
which represent complex numbers are treated as such.
RMS: This functions calculates the root mean square of
the data along a specified axis in a standard form
variable. The specified axis disappears. Data pairs

which represent complex numbers are treated as such.

Another group of functions is used for sensitivity

analysis:

1.

2.

MAXSENSAGAMMA: This function calculates the maximum
sensitivity of the rsult of some calculation to the
one-port small signal parameter in a standard form
argument. .

SENSANMEAS: This function calculates the maximum
sensitivity of the rsult of some calculation to the
noise measurement in a standard form argument.
SENSANTEMP: This function calculates the maximum
sensitivity of the rsult of some calculation to the
noise temperature in a standard form argument.

Yet another group of functions manipulates noise

measurements and estimates noise parameters from measurement

data:

1.

CALNSAP: This function estimates the noise temperature

of a one-port from one power measurement, receiver noise
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parameters and receiver gain.

CALNS2AP: This function estimates the noise temperature
of a one-port from two power measurements, receiver
noise parameters and receiver gain,

NPFITAT: This function estimates noise parameters using
the linearization and least-squares method described by
caruso and Sannino (1978) (the conventional method) The
input is assumed to be a four dimensional array, with
the fourth axis indexing the measurements of excess
noise temperature and reflection coefficient of the
input termination.

NPFIT5PAP: This function estimates noise parameters
using a linearization and least-squares method,
minimizing the error in noise power. The input is
assumed to be a four dimensional array, with the fourth
axis indexing the measurements of noise power and noise
temperature and reflection coefficient of the input
termination.

NPFITSPAT: This function estimates noise parameters
using a linearization and least-squares method,
minimizing the error in excess noise temperature (the
LRPG method). The input is assumed to be a four
dimensional array, with the fourth axis indexing the
measurements of noise power and noise temperature and
reflection coefficient of the input termination.
TEFROMY: This function calculates excess noise

temperature given a y-factor measurement and the hot and



226

cold noise generator temperatures.

7. YFAC: This function calculates a Y-factor (power ratio)

given two pover measurements.



