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Abstract

A broadband primary standard for thermal noise measurements is presented and its
thermal and electromagnetic behavior is analyzed by means of a novel hybrid
analytical-numerical simulation methodology. The standard consists of a broadband
termination connected to a 3.5mm coaxial airline partially immersed in liquid Nitrogen
and is designed in order to obtain a low reflectivity and a low uncertainty in the noise
temperature. A detailed sensitivity analysis is made in order to highlight the critical
characteristics that mostly affect the uncertainty in the noise temperature, and also to
determine the manufacturing and operation tolerances for a proper performance in the
range 10MHz-26.5GHz. Aspects such as the thermal bead design, the level of liquid
Nitrogen or the uncertainties associated to the temperatures, the physical properties of

the materials in the standard and the simulation techniques are discussed.

Index Terms
Thermal noise, noise temperature, broadband, coaxial line, primary standard,

microwave.

1. Introduction
Primary noise standards are of key importance for noise measurements in the

radiofrequency and microwave range. They allow the calibration of secondary



standards, noise sources and noise measurement equipment, thus providing traceability
to the whole measurement chain.

National Metrology Institutes have developed different primary standards. Some
examples are the French standards (LNE) based on a set of waveguides ranging from
8.2 to 40GHz [1] or the German standards (PTB), both in waveguide (X-band, 12.4—
18GHz) [2] and in coaxial technology (0.1-10GHz) [3]. These and other noise
standards (NIST, NPL) are compared in [4]. Other national standards are currently in
progress [5].

The National Institute for Aerospace Technology (INTA, Spain) is currently developing
a broadband (I0MHz — 26.5GHz) primary thermal noise standard based on coaxial
technology, which will constitute the future Spanish national standard. This paper
describes the design of the different components of this standard in order to minimize
the overall uncertainty. With this goal in mind, a complete characterization of the noise
temperature and its uncertainty, based on analytical formulations and numerical
methods, is carried out.

The coaxial technology has been chosen in order to obtain a broadband behavior. The
reference for the standard design has been the NIST coaxial thermal noise primary
standard described in [6], based on a 7mm coaxial airline + termination submerged in
liquid Nitrogen, and working in the range 1-12.4GHz. In fact, the analytical approach
here is strongly related with that described in [6]. The necessity of increasing the
bandwidth up to the range 10MHz — 26.5GHz requires the use of a 3.5mm coaxial
airline and a new design of different parts of the standard, in order to keep small values
of noise temperature and reflectivity at the input port and, what is more important,
accurate and stable values for these magnitudes.

In sections 2 — 6 this primary standard, with its different parts, and the computational



methodology for obtaining its noise temperature are presented. Next, in sections 7 and
8, the influence of the different elements/characteristics of the standard (termination,
airline, thermal bead, level of liquid Nitrogen, etc.) on the reflection coefficient and on
the noise temperature is analyzed in a rigorous way in order to determine the sensitivity
to the different uncertainty sources, and with the aim of prescribing manufacturing and

operation characteristics and tolerances for reducing the uncertainty.

2. New thermal noise primary standard
The standard, depicted in Figure la, consists of a broadband coaxial termination
submerged in liquid Nitrogen and connected to a 3.5mm airline partially submerged in
liquid Nitrogen, which allows the temperature gradient from the boiling point of liquid
Nitrogen (7,,) to the room temperature (7,). Moreover, both the termination and the
airline outer conductor are drilled in order to allow the liquid Nitrogen to flow into the
termination and part of the airline, and also to allow the gas Nitrogen to exit the airline
in its upper part.
A water circuit around the airline and a thermal bead between the airline conductors are
necessary in order to force the room temperature in both the inner and outer conductors
at the upper edge of the line. Since the liquid Nitrogen is kept in contact with both
conductors in the lower zone of the line, the bead is only necessary in the upper zone.
This configuration provides important characteristics to the standard, such as

- Nearly constant temperature distribution at the termination.

- Nearly constant temperature distribution at the input port of the standard.

- Known temperature distribution throughout the airline.



3. Computation of the Noise Temperature of the Standard
The noise standard can be analyzed as a termination connected to a cascade of two-port
networks and lines, as shown in Figure 1b, where the parts of the standard with a
constant temperature distribution can be treated as discrete networks. The noise
temperature of the standard is the sum of the contributions of the termination and each
element in the line to the noise at the test port (/).
The noise temperature generated by the termination that reaches / is

Tk, (1)
where xq; 1s the ratio of the available power in / to the available power in 0, which is
obtained as
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where p, is the reflection coefficient towards the termination at point 7, and Sn|,~j and

Sy |l] are the scattering parameters of the network from point 7 to point ;.

The noise temperature generated in / by the element ij at constant temperature 7j; is
obtained as

T,(1-x, ), 3)
where x;; and x;j; follow (2).

The thermal noise contribution of the line parts with a temperature gradient is obtained
by integrating the thermal noise generated at each dx. Thus, for a piece of line extending

from i to j, the noise temperature is
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where 7, and a, are the temperature and the line attenuation constant at point x,
respectively, and the reflection coefficient at point x; can be obtained from the

reflection coefficient at a close point xj as
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where v, is the line propagation constant at x, whose real part is the attenuation constant

o, and the imaginary part is the phase constant £ .

Likewise, the reflection coefficient after a two-port network can be calculated as
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where p; and p, are the reflection coefficients towards the termination at ports 1 and 2
of the network, and s;; are the scattering parameters of the network.

It is important to remark that, although the reflection coefficient is not the reference
magnitude of the standard, it is of key importance to keep it as low as possible, in order
to reduce the noise temperature oscillations and also its associated uncertainty.
Knowing the termination reflection coefficient and the different scattering matrices in
Figure 1b it is possible to obtain with (5) and (6) the reflection coefficient at any point
of the standard, which is necessary for the noise temperature calculation, as we have
seen above.

The scattering parameters of a discontinuity (for instance, the Nitrogen phase change)

can be obtained as
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where Zy, and Z; are the characteristic impedances at both sides of the discontinuity.



Nevertheless, in more complex parts of the standard, such as orifices and the thermal
bead, a numerical simulation will be necessary for obtaining the scattering parameters.
The temperature distribution throughout the line can be obtained by means of a finite
element simulation of the parabolic heat equation. In this work the Partial Differential
Equation Toolbox in Matlab™ has been used, since the rotational symmetry allows a
2D numerical simulation.

In a first approximation, assuming low losses in the line, the attenuation constant in x is
the sum of the attenuation constant due to the conductor losses a.,, and the attenuation
constant due to dielectric losses ag,. This latter contribution should be only taken into

account for the liquid Nitrogen and for the thermal bead stretches. For them
a, =%J£'x tand, 9)
0

where /g is the vacuum wavelength and ¢’, and tand, are the dielectric constant and the
loss tangent, respectively, of the dielectric material between the inner and the outer
conductors.

Assuming a homogeneous material for both conductors, the attenuation constant due to
conductor losses at point x can be obtained as

a
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where a and b are the inner radius of the outer conductor and the radius of the inner

conductor, respectively, and Ry, is the conductor surface resistance, which depends on

the frequency and, through the electrical conductivity, on the temperature:

R, - [Ht (11)



In (11) uo is the vacuum magnetic permeability, f the frequency and o, the electric
conductivity in x.
But, in general, the inner and the outer conductors will have different temperatures and,

therefore, it is necessary to split both contributions as
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where Ry, and R;,; are the surface resistance for the outer and the inner conductors in x,
respectively.
The phase constant at point x can be calculated, following the same low loss

approximation, as
B, =27 f\Jus€oE", (13)

where g is the vacuum electric permittivity.
The values of the characteristic impedance in the coaxial at point x are obtained by the
approximation

z, =0 4 (14)
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An exact calculation of the characteristic impedance and the propagation constant can
be performed by calculating the line parameters R, L, G and C, corresponding to the line

model of Figure 2, as
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where w is the angular frequency, and applying
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Nevertheless, a comparison between the exact and the approximated values showed a
very low relative error, which can be considered negligible.
One final remark in noise temperature calculation is the quantum effect. Equations (1),
(3) and (4) are based on the approximate relationship between noise power and
temperature

P=kTB (21)
where £ is the Boltzmann constant and B the signal bandwidth.
In order to avoid the systematic error produced by this approximation, which becomes
more important at high frequencies, the temperature in equations (1), (3) and (4) must

be the radiation temperature, related with the physical temperature by

nf
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where 4 is the Planck constant. For the upper frequency boundary (26.5GHz) the use of

(22) avoids a systematic error of +0.48K in the noise temperature of the standard.

4. Broadband coaxial termination
After having analyzed different terminations in search of a broadband low reflectivity
behavior, the Agilent 909D termination was chosen for the primary standard.

Thermal simulations with the liquid Nitrogen outside the termination yield thermal



gradients greater than 5K from the termination surface to the center zone. Therefore, a
modification in the termination, i.e., an orifice at the bottom of the termination, is
needed in order to let the liquid Nitrogen to flow into it.

The reflection coefficient of the termination was measured with a vector network
analyzer (VNA). As expected, it showed an increase of reflectivity when the
termination was submerged in liquid Nitrogen, as shown in Figure 3. This measurement
introduces an error associated to the VNA and its calibration. Moreover, this calibration
is made at room temperature, whilst the termination measurement is made under
cryogenic conditions. It is possible, nevertheless, to obtain an accurate cryogenic
measurement by measuring the reflection coefficient of the noise standard and, since the
line is completely modeled, de-embedding this measurement backwards to the
termination plane. In fact, this noise standard could be used too as a VNA calibration
tool for cryogenic measurements.

A thermal simulation of the termination connected to the transmission line shows
(Figure 4) a noticeable gradient in the upper part of the termination, in case there is no
liquid Nitrogen inside the line. Therefore, in order to accomplish the requirement of
constant distribution of temperature along the termination, the liquid Nitrogen must be
inside the transmission line too. Moreover, once the introduction of Nitrogen inside the
line has been decided, a new termination can be defined as the commercial termination
plus the submerged segment of the transmission line, thus simplifying the scheme of the

primary standard for the noise temperature calculation, as shown in Figure 1b.

5. Transmission line
A 15cm. Gold-plated Beryllium-Copper (C17200) airline was chosen as the base for the

transmission line in the standard. In order to allow the introduction of liquid Nitrogen in



the line, a lower orifice (for liquid Nitrogen input) and an upper orifice (for gas
Nitrogen output) were realized. Different drill sizes were numerically simulated by
means of the finite element method in frequency domain (FEFD) and a trade-off
between acceptable volume of flow and low impact in the standard electromagnetic
behavior was found for a diameter value of 2mm. Figure 5 shows the s;; and sy
magnitudes obtained for this case.

Although more accurate results can be obtained with a constant level of liquid Nitrogen,
for the shake of practical use of the standard this level can vary, as in [6], between a
lower and an upper bound. Obviously, the maximum level cannot be close to the
thermal bead, since a minimum length of line is needed for a smooth temperature
gradient that can accomplish an almost constant temperature distribution after the bead.
In order to study the influence in the results section, let, in a first approach, let us fix the
lower level just over the lower orifice and the upper level Scm higher.

The Gold plating of the line is an important characteristic, mainly at lower frequencies,
where the skin depth increases and the assumption of infinite Gold thickness no longer
applies in the calculation of a.,. In [6], where the lower operation frequency is 1GHz,
the effect of the finite Gold thickness is characterized by an uncertainty in the
resistivity, which is assumed for a homogeneous Gold conductor. In our standard,
where the lowest operation frequency is 10MHz, a rather thick Gold plating (~50pm)
would be needed to keep a small uncertainty at lower frequencies, thus increasing the
manufacturing tolerances. Therefore, the effect of the base conductor (Beryllium-
Copper) is taken into account in the calculation of a., following [7] and consequently,
only the uncertainty contribution due to errors in the electrical conductivity
specifications of the conductor materials must be assessed. Figure 6 shows the

dependence of the Gold [8] and the Beryllium-Copper [9] electrical conductivities with



temperature.

6. Thermal bead

The main goal of the thermal bead is to provide a good thermal contact between the
inner and the outer conductors in order to establish at the upper part of the line the
temperature forced by the water circuit, which stays in contact with the outer conductor.
For that reason, the material of the thermal bead must exhibit a high thermal
conductivity, but also a low electrical permittivity, since it is of key importance to make
the bead as electromagnetically transparent as possible. Thus, a low dielectric constant
will reduce the bead reflectivity and a low loss tangent will reduce its losses and,
consequently, the noise generation. The beads chosen for the primary standard in [6]
were made of Beryllium Oxide. Due to the high toxicity of this compound, an
alternative material was searched. Different ceramics as Silicon Carbide, Aluminum
Nitride or Boron Nitride were found as potential candidates. Table 1 shows the thermal
conductivity and dielectric characteristics for these materials at room temperature.
Finally, the Boron Nitride, with a good combination of both properties, was chosen as
bead material.

Once the material has been chosen, the bead must be designed in order to minimize its
electromagnetic impact on the standard, that is, to reduce its reflection coefficient as
much as possible for the whole frequency range. In order to achieve a good thermal
contact between the inner and the outer conductor it is evident that the center of the
bead must be in contact with both conductors. In this case, in order to obtain a
characteristic impedance of 50€), according with (14), the diameter of the inner
conductor must be reduced. Another reason for using Boron Nitride instead of

Beryllium Oxide in the bead is the diameter of the inner conductor in the central part of



the bead. For Boron Nitride a reduction of the inner conductor diameter up to 0.66mm is
needed, whilst the higher permittivity of the Beryllium Oxide requires an even thinner
inner conductor (0.42mm diameter) in order to keep the 50Q continuity.

Although the impedance continuity is achieved for the TEM mode, the geometric and
material discontinuity excites higher order modes in the coaxial, and for frequencies
higher than 23.43GHz the TE;; mode propagates along the bead, resulting in high
magnitudes of s;; for the bead. Moreover, the presence of higher order evanescent
modes in the discontinuities and the propagation of the TE;; mode makes it necessary to
use numerical methods for determination of the bead scattering parameters. As in the
case for the orifice, the FEFD method has been used.

Adjacent transitions to the bead are needed in order to reduce the bead reflectivity. In
[13] tapered designs, continuous and stepped, were presented. In this solution, the
transitions are partially filled with Boron Nitride in order to keep the 502 continuity.
An alternative to this design is an approach based on capacity compensation, which was
used in [6] for a 7mm airline.

Two beads with different lengths (4 and 6mm) have been analyzed in this work. For a
3.5mm airline and Boron Nitride as dielectric material, assuming the permittivity

provided by the manufacturer, a compensation step of 0.25mm is needed to minimize

|s11| in both 4mm and 6mm beads. Figure 7 shows the design for the 6mm bead, and

Figure 8 the magnitude of the scattering parameters s;; and s;; magnitudes for both
beads. As compared with the tapered design [13] reflection decreases and transmission
increases, as a result of the reduction in both the reflectivity and the losses, since the
quantity of dielectric material is smaller. As a result of the above, this is finally the

design chosen for the standard.



7. Noise standard performance

The complete knowledge of the standard geometry and the material properties allows to
calculate, by means of the formulation described in section 3, the noise temperature at
the input port of the standard. As mentioned in section 4, an accurate measurement of
the reflection coefficient of the termination can only be obtained by de-embedding the
measured reflection coefficient at the standard input port. For the analysis of the
standard and without loss of generality, let us assume that the submerged modified
termination has the reflection coefficient of the termination at room temperature. In fact,
this value is masked by the higher value produced by the discontinuity at the Nitrogen
phase change.

In order to assess the contribution of the different parts of the standard, the reflection
coefficient and the contribution to the noise temperature for a given level of liquid
Nitrogen can be calculated following the formulation in section 3. Figure 9 shows the
reflection coefficient produced at different points of the standard for a Nitrogen level in
the lower bound and for a 6mm-long bead. The fluctuations in the reflection coefficient
increase up to reaching maximum values of 0.14 at the standard port for high
frequencies. These internal reflections produce variations in the noise temperature as
shown in Figure 10 and 11. These figures show the contributions to the noise
temperature at the input port caused by the termination and by the different parts along
the standard, respectively, when the 6mm-long bead is used. In this case, excluding the
termination, the thermal bead produces the main contribution, due to its dielectric
losses. Nevertheless, the contribution of the line with the temperature gradient (stretch
4-5) becomes important when the level of liquid Nitrogen decreases. This is clearly
observed in Figure 12, where the noise temperature of the standard increases when the

Nitrogen level decreases.



A constant temperature (the average temperature) is assumed in the numerical
simulations for the upper orifice and for the thermal bead. Moreover, the temperature
distribution at the upper port should be constant. Therefore, there is an upper limit for
the Nitrogen level where:

- The assumption of constant temperature distribution at the thermal bead or at the

upper orifice can no longer be considered a good approximation.

- The inner and outer conductor temperatures at the standard port are too different.
Simulations of these parts for the edge temperatures constitute a measure of the
uncertainty in the simulation, considering the uncertainty associated to the numerical
method negligible. Figure 13 shows the temperature distribution in the upper part of the
standard for two different beads (4 and 6mm) and the minimum and maximum (+5cm)
levels of liquid Nitrogen. Obviously, the maximum level is the most limiting case, since
the distance between the cryogenic and the room temperature is shorter. Temperature
gradients in the 4mm thermal bead of 7.5K and a difference of 1.9K between inner and
outer conductor temperatures at the input port are obtained. If a 6mm bead is used, the
bead gradient is slightly increased up to 8.2K, but the temperature difference at port is
reduced to 1K. Considering the edge temperatures, in a very conservative approach, the
effect of the temperature gradient in the bead leads to a variation in the temperature
noise, which is shown in Figure 14 for both beads and for the lower and upper Nitrogen
level. The 6mm bead increases the uncertainty associated to the temperature gradient,
since the bead is longer, but, on the other hand, it decreases the temperature difference
at the standard input port. Therefore, increasing the bead length improves the
temperature uniformity at the standard port, although this length is limited by the
uncertainty associated to the temperature gradient, and also by the uncertainty

associated to the dielectric loss of the bead, as it will be shown later, so the bead length



cannot be indefinitely increased. Increasing the upper limit for the Nitrogen level will
increase both the uncertainty associated to the temperature distribution along the bead
and the temperature differences at the port. Therefore, the upper limit is set to +5cm and
the 6mm bead is chosen as a trade-off between temperature distribution in the bead,
temperature distribution at the port and required time for continuous operation of the
standard. For more accurate results, the upper bound for the Nitrogen level should be
decreased and, consequently, the operation time would be reduced.

This study can be repeated for the hole. In this case, the uncertainty associated to the
temperature distribution in the hole is much lower since the hole is shorter compared to
the bead and it contains a lossless dielectric (gas Nitrogen). The variation obtained in
this case for 26.5GHz and for the 6mm bead is lower than +0.003K for the lower level
and lower than +0.006K for the upper one.

The uncertainty associated to the temperature gradient in the bead can be reduced by
treating the bead as two lumped networks containing the edge bead modifications at
constant temperatures, where the noise temperature is obtained by (3), and a
transmission line between them with a known temperature distribution, where the noise
temperature is obtained by (2). With this approach, the temperature distribution to take
into account in the uncertainty computation lies around 1mm or less and, therefore, its
contribution to the overall uncertainty budget is much lower. The drawback of this
approach is that (2) can only be used for a mono-mode transmission line, and the bead

begins to propagate the second mode at the upper frequency range ( f >23.43 GHz), just

where most of the uncertainty contributions reaches their highest values.
All previous results were obtained for a 0.75um-thick Gold plating. Taking into account
that the Beryllium-Copper losses are included in the calculation of the conductor

attenuation constant, it is not necessary to increase the Gold plating thickness, which for



values higher than Sum can produce an increase in the manufacturing tolerances.

8. Uncertainties

The complexity of the noise temperature calculation, which involves thermal and
electromagnetic numerical simulations along with (1)-(14) and (22) analytical
expressions, hinders the implementation of the GUM approach [14] for the uncertainty
assessment. As a first step, in order to point out the key manufacturing and operation
characteristics, the influence of different parameters uncertainties on the variation of the
standard noise temperature is analyzed in this section.

Following in part the analysis contained in [6], several contributions are taken into
account in order to identify the most critical parameters in the standard manufacturing
and operation. For all the cases, the 6mm thermal bead is used and the properties in
Table 2 are employed for the materials in the standard. Table 3 summarizes the results
of this study, indicating the largest variations of the noise temperature throughout the

broad frequency range for the lower and upper levels of liquid Nitrogen.

8.1. Temperature uncertainties

The uncertainty in the water circuit temperature 7,, due to variations in water
temperature within the stabilization circuit, is quantified as +£0.5K. The variation in the
noise temperature produced by this uncertainty is relatively small, as shown in Figure
15.

The termination temperature 7, is assumed to be constant along that part of the standard
submerged in liquid Nitrogen. The thermal simulations indicate a negligible temperature
gradient <107K for this part of the standard. The uncertainty in the atmospheric and

hydrostatic pressures can also be assessed. The atmospheric pressure at INTA's



premises can be measured with an associated uncertainty of +£10Pa, which produces,
through the Nitrogen pressure-temperature equation, a negligible temperature
uncertainty of 0.0009K. Let us assume that the value for the atmospheric pressure is
95kPa, which yields 76.8043K as the termination temperature. Since the termination is
distributed in the commercial termination and part of the airline, the hydrostatic

pressure varies along its length. Therefore, this pressure is OkPa in the Nitrogen phase

change level, and is given by 9.81-0.808-10°d at the bottom of the termination, where
d is the height of the liquid Nitrogen column. This hydrostatic pressure in the
termination bottom is 301.2Pa for the lower level and 697.53Pa for the upper level.
Thus, the average pressure in the termination is 95.151kPa for the lower boundary and
95.349kPa for the upper boundary, which increases the termination temperature up to
76.8175K and 76.8349K, respectively. For these values, the uncertainty is £0.013K and
+0.031K, respectively. Following (1), this uncertainty is almost the uncertainty

associated to the contribution of the termination to the noise temperature since &, is

closeto 1.

It would be possible to reduce the uncertainty associated to the atmospheric pressure,
mainly for intermediate or high levels of liquid Nitrogen, by treating the submerged line
as a distributed element, not as a part of the termination, with a temperature distribution
depending on the atmospheric pressure. However, this approach does not yield to a
significant reduction in the overall noise temperature uncertainty.

The temperature gradient in the thermal bead and in the upper orifice, where the
temperature is assumed to be constant, is also an uncertainty source. This effect has
been analysed in section 7, and the influence of the thermal bead on the noise
temperature is shown in Figure 14, whilst the influence of the orifice is considered

negligible. The noise temperature variation can be reduced by decreasing the upper



bound for the level of liquid Nitrogen, thus reducing also the required time for operation

with the standard.

8.2. Nitrogen level

The uncertainty associated to the level of the liquid Nitrogen influences the temperature
distribution and also the reflection coefficient along the standard. This second effect is
the most important for the noise temperature uncertainty since it produces a
displacement of the variations due to the internal reflections. The cryostat must
therefore provide a measuring system of the Nitrogen level with a low uncertainty. For
instance, an uncertainty of +=1mm yields to the variations shown in Figure 16. In order
to reduce such variations, an uncertainty of =0.5mm in the measurement of the Nitrogen

level 1s advisable.

8.2. Manufacturing tolerances

The tolerances in the manufacturing of the thermal bead and the inner conductor
modification are defined in the diameters and lengths of the different cylinders in the
thermal bed, which are depicted in Figure 6. A separate case study for diameters and
lengths has been performed for £0.01mm tolerances. The variation in noise temperature
for different combinations of tolerances is shown in Figure 17. This small tolerance
produces appreciable variations. Therefore, a high quality manufacturing is needed for
the thermal bead part. The manufacturing quality is also critical for the orifices, as
shown in Figure 18.

The roughness of the conductor surfaces increases the effective area and, consequently,
the losses. We follow here the approach in [6] and express this uncertainty as an

increase in the attenuation constant. Different increment percentages of o, yield the



noise temperature variation shown in Figure 19. In [6] a 2% increase is assumed, which
in this case yields variations between 0.047K and 0.072K, depending on the Nitrogen

level, for the highest frequency.

8.4. Specifications for materials

The values for the dielectric constant and for the loss tangent of the Boron Nitride grade
AXO05 wused in this work are those provided by the manufacturer. A rigorous
measurement based on a perturbation technique in resonant cavity must be performed in
order to determine the uncertainty in these parameters and also the variation with the
frequency. Figure 20 shows the variation in the noise temperature for an uncertainty of
+5% in both parameters. In this case, a greater variation associated with the uncertainty
in the loss tangent can be observed, since the loss tangent directly affects losses and,
consequently, the thermal noise. It is important to remark here that lower losses would
lead to smaller variations in the noise temperature, but, on the other hand, the
measurement uncertainty of very small loss tangent increases, with uncertainties around
100% for values between 10~ and 10™.

The electrical conductivity of the conductor materials, which is needed for a wide range
of temperatures (76K — 297K), has been obtained from [8,9]. An uncertainty of +5%
produces variations below +0.15K for high frequencies, as shown in Figure 2I.
Therefore, accurate specifications for the electrical conductivity of the conductors are of
key importance in order to reduce the uncertainty of the noise standard. The electrical
conductivity can vary even with the manufacturing process within a specific conductor
alloy, and the manufacturer does not provide accurate specifications for a wide range of

temperatures. Therefore, a measurement of this parameter is strongly recommended.



The thermal conductivity, specific heat and density of the Beryllium-Copper have been
obtained from [9,15]. Thermal properties of Gold are not needed in this approach since
its small thickness (0.75um) makes its thermal effect negligible. Boron Nitride thermal
properties are obtained from the manufacturer. With these data, the thermal simulations
indicate that the thermal equilibrium is reached in less than 10 minutes. Temperature
distribution at the thermal equilibrium does not depend on the specific heat or density of
the materials, so it is not necessary to perform a sensitivity analysis for these two
parameters.

A variation of £20% in the thermal conductivity generates variations <+0.0015 in the
noise temperature, as shown in Figure 22, which can be considered negligible. It is
evident that the noise temperature sensitivity results to be greater with respect to the

electrical properties than with respect to the thermal properties.

8.5. Numerical simulations and integration

In the noise temperature calculation, three different numerical computations are needed:
(1) the thermal simulation for determination of the temperature distribution throughout
the standard; (ii) the electromagnetic simulation for determination of the scattering
parameters of the orifices and the thermal bead, and (iii) the integration of (4). These
operations increase the total noise temperature uncertainty because of their implicit
numerical errors. A case study of these errors is necessary in order to minimize their
effect.

It is obvious that, when a numerical method is required, the exact solution of a problem
is unknown. Therefore, an estimation of the error in a numerical simulation is usually
obtained by assuming that the exact solution is obtained by means of a much greater

number of unknowns. This is the approach used here. Thus, for the numerical



simulation of temperature distribution, meshes of 4150 (upper level) and 7308 (lower
level) unknowns are used. Comparing these results with those calculated with the
reference meshes obtained by an extra refinement, variations in the noise temperature
smaller than +0.006K are obtained.

Finite Difference Time Domain (FDTD) and FEFD methods have been tested for the
electromagnetic simulation of the orifice and thermal bead. The latter was chosen since
it showed a more stable convergence of the solution when increasing the number of
unknowns. Figure 23 shows the variation in the noise temperature for different mesh
densities. The reference mesh density for estimation of the “exact” solution was
obtained with an element size of A/10 and five adaptive refinements. These results show
that, in order to consider the error as negligible, the adaptive finite element method
needs at least two refinement steps.

The trapezoidal rule has been used for the numerical integration in (4), which must be
performed in segments 4-5, 6-8 and 8-/. Figure 24 shows the effect of the integration
step size. A reference “exact” solution for a 0.01mm step has been assumed. From these
results, a 0.lmm step has been finally chosen as a trade-off between accuracy and
computation time.

Other uncertainty contributions as those associated to the data of thermal conductivity,
dielectric constant and loss tangent of liquid Nitrogen, gas Nitrogen and air are
considered negligible. Although important for other standards, as the impedance
standard, the tolerances in the diameter of the inner conductor and in the inner diameter
of the outer conductor of the coaxial line are in this case small enough to neglect their

contribution to the overall uncertainty.



9. Conclusions

With the goal of developing a new primary noise standard that increases the frequency
range of previous primary standards in coaxial technology, a computational tool for
obtaining the noise temperature of the standard has been developed. The combination of
analytical and numerical computations allows taking into account a great number of
parameters of the noise standard and developing a sensitivity analysis in order to point
out the characteristics of the noise standard that are critical for a low noise temperature
uncertainty.

This analysis shows that the quality in the bead manufacturing, the accuracy in the
electrical properties of conductors and the loss tangent in Boron Nitride, and the liquid
Nitrogen level are the main contributions to the noise temperature uncertainty.
Therefore, a level control mechanism, an accurate permittivity and electrical
conductivity measurements, and a high quality manufacturing process are necessary to
reduce this uncertainty. An important remark here is that the sensitivity with the level of
liquid Nitrogen and with the manufacturing tolerances of the thermal bead strongly
depends on the reflectivity of the noise standard. Therefore, the reduction of the internal
reflections (for instance by new designs that eliminate one or both orifices, or by
improving the bead design) would lead to reductions in these sensitivities.

Other results of this analysis allow fixing tolerances, as Gold plating thickness or bead
realization, in the standard manufacturing, and also to assess the upper and lower
bounds for the liquid Nitrogen level.

It is important to remark that uncertainty studies, like the GUM methodology or even a
Monte Carlo analysis can also be performed by means of this computational scheme,

prior to the manufacturing of the noise standard.
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Figure 1. Thermal noise primary standard: a) sketch, b) computational scheme
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Figure 7. Thermal bead (6mm) with capacitive compensation design




TABLE 1
DIELECTRIC AND THERMAL PROPERTIES OF BEAD MATERIALS

Material &' tano kr (Wm™ K™
Beryllium Oxide 6.86 (8.5GHz) [10]  3.0-10™* (8.5GHz) [10] 200 [6]
Aluminum Nitride 8.5 (8.5GHz) [10] ~ 3.0-107 (8.5GHz) [10] 200 [11]
Silicon Carbide 9.7 (10GHz) [10]  1.0-107 (10GHz) [10] 270 [12]
Boron Nitride grade AX05 4.0 (8.8GHz)" 12:10° (8. 8GHz) 70°

"Data from the manufacturer
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TABLE 2

PROPERTIES OF MATERIALS

. k c o .
Material W - n{ Ky - ké’_ Y (ke p N £ tand
Gold --- --- --- Fig. 6 --- ---
Beryllium-Copper  357/105" 376 8250 Fig. 6 - -
Boron Nitride 70 350 1850 --- 4.0 0.0012
Liquid Nitrogen - -- - - 1.45 0.00005
Gas Nitrogen 0.0025 1040 1.2 - 1.00058 0
Air 0.025 1005 1.2 --- 1.00059 0

Tat 77K, T at 297K



TABLE 3
SENSITIVITY OF NOISE TEMPERATURE

. Source  Largest 7§ variation Largest 7 variation
Uncertainty source .

variation (lower level) (upper level)
Water circuit temperature +0.5K +0.014K +0.018K
Hydrostatic pressure - +0.012K +0.03K
Temp. gradient in bead - +0.028K +0.049K
Temp. gradient in orifice --- +0.003K +0.006K
Liquid Nitrogen level +0.5mm +0.07K +0.07K
Bead manufact. (diameter) +0.0lmm +0.13/-0.08K +0.12/-0.07K
Bead manufact. (length) +0.01lmm +0.019/-0.022K +0.013/-0.014K
Orifice manufact. (diameter) +0.01lmm +0.028/-0.078K +0.012/-0.068K
Conductor roughness +2% +0.072K +0.047K
Dielectric constant +5% +0.035/-0.06K +0.04K
Loss tangent +5% +0.082/-0.088K +0.09/-0.083K
Electrical conductivity +5% +0.12/-0.1K +0.06K
Thermal conductivity +20% negligible negligible

Thermal simulation
Electromagnetic simulation
Numerical integration

-0.0017/-0.0027K
+0.004/-0.0005K
+0.012

-0.0019/-0.0034K
+0.004/-0.0005K
+0.01
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