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Abstract

One way to describe the performance of a radio telescope is to quote its ability to receive very
weak signals from astronomical sources. This receiving sensitivity is determined largely by the
system noise temperature (Tsy,). The equivalent noise temperature (T,) of the low noise
amplifier (LNA) contained within the receiver plays a major role in the Tj,s. The LNAs are

cryogenically cooled to 20 K in order to reach the required T, performance.

Measuring the performance of this type of LNA presents a few issues that need to be addressed:

¢ No direct measurement of the coaxial feed cables and the amplifier under test (AUT) is
possible as they are located inside a vacuum Dewar.

e The T, of the AUT is <3.5 K over the operating band. The uncertainty of this measurement

must be in the order of <1 K.

This dissertation discusses how the receiver and the LNA contained within the receiver are the
major contributors to the sensitivity. Furthermore, a method for testing and determining the
equivalent noise temperature of a cryogenic LNA operating at a physical temperature of 20 K

is selected and presented.

This method was tested at the Klerefontein support base and the measurements allowed
conclusions to be drawn that show that the uncertainty was unacceptable due to a few factors.

One of the factors is the thermal gradient across the attenuator. This was investigated via a
limited thermal study and a solution was proposed and implemented. Another set of
measurements was performed at the Klerefontein support base and the resultant equivalent
noise temperature (T,) of the LNA was determined to within 2 K of the manufacturer supplied
data.

This work presented in this dissertation forms part of the design of a test facility intended to be
built at the South African Radio Astronomy Observatory (SARAO) offices.
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Chapter 1

Introduction

1.1 Background

1.1.1  Radio astronomy

One of the basic human motivations is the thirst for understanding about the world that
surrounds us. Since ancient times, visionary individuals have looked at the sky at night and

pondered the seemingly infinite points of light.

Radio astronomy is a relatively young branch of astronomy, first pioneered in the 1930s by
Jansky and in the 1940’s by Reber [1][2][3][4].

In 1944 Van de Hulst proposed that the signals that Jansky and Reber had recorded were the
hydrogen spectral line (21 cm line). Laboratory experiments confirmed that this phenomenon
is caused by the change in the energy state of neutral hydrogen atoms and thus radio astronomy

was legitimised as a new way of studying the universe [5][6].

Since then radio astronomy has blossomed into a vitally important branch of astrophysics.

1.1.2  Ground-based radio astronomy
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Figure 1.1. The electromagnetic (EM) spectrum showing atmospheric absorption [7].




Figure 1.1 shows the EM spectrum with a simplified representation of the Earths’ atmospheric
absorption line overlayed on the figure. This absorption line varies between 0% to no

propagation at 100 %.

Shown in Figure 1.1 are icons that represent the space-based telescopes:
e Spitzer Space Telescope

e Compton Spectrometer and Imager (COSI)

Both operate in part of the EM spectrum that is mostly blocked by the Earths’ atmosphere.
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Figure 1.2. Measured average atmospheric absorption of EM waves from 10 GHz to 400
GHz [8].

The prediction of atmospheric absorption of EM waves is a complex issue. As illustrated in
Figure 1.2, there is a variation of atmospheric attenuation with frequency due to electromagnetic
(EM) wave absorption properties of atmospheric water vapour and oxygen. Radio telescopes

are located at high altitudes to encounter as little atmospheric interference as possible.




Ground-based optical astronomy occurs within the visible light section of the spectrum and is
subject to partial atmospheric distortion, whereas ground-based radio astronomy is subject to
very little atmospheric distortion. In ground-based radio astronomy the atmospheric distortion
tends to increase with increasing signal frequency. Additionally, a wider EM spectrum is
available to radio astronomy and the EM waves received in radio astronomy are able to provide
information about the electric and magnetic fields that they propagated through. Lastly, radio

astronomy observations can occur day or night.

Table 1.1. Examples of existing ground-based radio telescopes.

Name Altitude  above | Frequency Range
sea level (m) (GHz2)

Atacama Large Millimeter Array (ALMA) [9] | 5058 35t0 950

Green Bank Telescope (GBT) [10] 807 0.1to 116

MeerkK AT [11] [12] 1309 0.58 t0 3.5

Very Large Array (VLA) [13] 2124 0.74to 50

Challenges with radio astronomy:
e Spatial resolution decreases with decreasing wavelength in the case of a single-dish
antenna. The spatial resolution is improved by using large dishes or antenna arrays.
e Radio frequency interference (RFI) is a major challenge.
e Reception and amplification of extremely low-power signals. See chapter 2.2.1 for an

expanded explanation.

1.1.3  The MeerKAT project

The MeerKAT radio telescope is a 64-element radio telescope array built in the Northern Cape
province of South Africa. Funded by the South African National Research Foundation (NRF)
and Department of Science and Technology (DST), it is the precursor instrument to the SKA
mid-frequency band. At the time of its launch in 2018 it was the most sensitive centimetre (cm)
wavelength telescope in the southern hemisphere.

It was preceded by the single eXperimental Development Model (XDM) dish and then later by
a seven dish Karoo Array Telescope (KAT-7) interferometer [14][15][16].




The MeerKAT radio telescope is a 64 element antenna array consisting of Gregorian offset
dishes. Each dish in the array is 13.965 m in diameter. The frequency range of each element is
580 MHz to 3.5 GHz. This is divided into UHF, L-band and S-band receivers! [16].

Figure 1.3. Photograph of the MeerKAT radio telescope [17].

1.2 Problem statement

The sensitivity of a radio telescope antenna is discussed in detail in section 2.2. The main goal
of this discussion is to illustrate the critical role that the low noise amplifier (LNA) performs in

the sensitivity of the MeerKAT radio-telescope array element.

There is a need to accurately measure the equivalent noise temperature (T,) of the LNA used
in the MeerKAT receiver for the purposes of optimisation and fault-finding. The equivalent
noise temperature is a figure of merit that describes the noise contribution of the LNA during
signal amplification®. In order to achieve the ultra-low T, performance goal, the LNA operates
at a physical temperature of approximately 20 K inside a vacuum cryostat. It is therefore

important that the LNA be tested under the same vacuum and temperature conditions to ensure

! The compromise was made to split up the frequency range into narrower band receivers to achieve optimal
sensitivity and EM performance [16].

2 The equivalent noise temperature is discussed in detail in section 2.1.




proper functionality prior to final receiver installation. Additionally a range of LNAs may be

evaluated in this operational environment.

Vacuum Cryostat Cold head 20 K

Noise power
measurement

Noise 1  —
source I T | I—

LNA {

Input TX line Output TX line

Figure 1.4. The measurement of a cryogenic LNA using the classic Y-factor method.

The challenges presented by this type of measurement include:

e No physical access to the LNA or internal cables during operation.

e Characterisation of the input transmission line (TX line) is complex due to the large
temperature gradient across it. The noise contribution and loss through the input TX line
adds unacceptable uncertainty to the measurement signal present at the LNA.

e The expected LNA T, is in the order of 1 to 2 K. This measurement method requires

very low uncertainty to be meaningful.

1.3 Objectives and scope

The main objectives of this thesis are to review the available T, measurement methods; select
the most suitable method based on the review; design and build a T, measurement system based
on the selected method; perform measurements on a cryogenic LNA; and then interpret and

present the results.

1.4 Limitations

The mechanical design of the vacuum cryostat is outside the scope of this thesis. The constraint

was set to use an existing receiver to carry out the test to avoid over-investment of resources.




1.5

Thesis structure

This thesis is structured as follows:

Chapter 2 explains relevant concepts in more detail and the role of the LNA in the
context of the MeerKAT radio telescope.

Chapter 3 provides a literature review of cryogenic LNA measurement methods.
Chapter 4 describes the proposed measurement solution and physical implementation
including the major components selected and hardware used.

Chapter 5 gives an overview of the measurements carried out and the comments and
issues encountered during the test campaigns, including a limited thermal study. The
measurement results are presented.

Chapter 6 presents a summary of the work, compares the results with the supplier data.
Conclusions are discussed based on the results and suggestions are put forward for

future work.




Chapter 2

Background information

2.1 Thermal noise in electrical circuits

Since the adoption of the telephone in 1878, interference began to be recognised as a limitation
to the reception of very weak signals. This “hiss” that was present on the receiving speaker was
attributed to manufacturing defects within the tube or insufficient shielding of the conductors
[18].

However the paper describing the fundamental limit presented by thermal noise was published
in 1928 by Johnson and Nyquist. The design and manufacturing of tube amplifiers had
improved to a level that Johnson had a “good” amplifier with enough gain to study the

phenomena of thermal noise [19][20].

Thermal noise exists as a measurable random variation of potential difference between the

terminals of any conductor.
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Figure 2.1. Measured randomly varying voltage across a conductor (generated by author).




R v(t)

Figure 2.2. Measuring the random voltage v, (t) across a resistor.

Figure 2.1 presents the measured instantaneous noise voltage as a function of time denoted as
v, (t) measured across a resistor shown in Figure 2.2 . The root mean square (RMS) value of

the noise voltage is denoted as 1}, and it can be described using a form of Planck’s black-body

4hf BWR
Vo = R (2.1)
e kT —1

1}, is the RMS value of noise voltage in V.

radiation law equation [21]:

Where:

e h=06.62607015 x 1073* is Planck’s constant in J/Hz.
e fis the center frequency of the bandwidth in Hz.

e BW is the instantaneous bandwidth of the system in Hz.
e R isthe resistance across the terminals in Q.

e k = 1.380 x 10723 is Boltzmann’s constant in J/K.

e T isthe physical temperature of the resistor in K.

The Rayleigh-Jeans approximation reduces the complexity of equation (2.1) by making the

following assumption [21]:

hf hf
e -1~ (22)

This approximation may not be valid for frequencies above 100 GHz or physical temperatures

below 100 K, but it does allow simplification of (2.1) to yield the equation [21]:




V. = VARTBWR 2.3)

Where:
e 1, isthe RMS value of noise voltage in V.
e BW is the instantaneous bandwidth of the system in Hz.
e R is the resistance across the terminals in Q.
e k = 1.380 x 10723 is Boltzmann’s constant in J/K.

e T isthe physical temperature of the resistor in K.

Shown in Figure 2.3 the noisy resistor is represented by an equivalent circuit consisting of a
noiseless resistor and an RMS noise voltage generator in series. The circuit is terminated in the

resistor or value R to give maximum power transfer.

Q

)
U/
Figure 2.3. Equivalent circuit with the voltage generator and noiseless resistors R [21].

The available noise power (B,) delivered to the load resistor is calculated by assuming that

equation (2.2) is valid and substituting equation (2.3) to result in the equation [21][22]:

p, = (Vn)sz— W _ yrew 2.4
" \2R 4R 24)
Where:

e P, is the maximum available noise power in W.

e BW is the instantaneous bandwidth of the system in Hz.

e k = 1.380 x 10723 is Boltzmann’s constant in J/K.

e T is the physical temperature of the resistor in K.




2.1.1  Equivalent noise temperature

Noise power that remains relatively constant over the system bandwidth is called white noise.
When a noise source emits white noise, equivalent noise temperature (T,) can be used to
describe the source. In essence the noise source is replaced with an equivalent thermal source
at a temperature of T, that results in the same P, and equation (2.4) is still satisfied. Equation

(2.4) is rearranged to make T, the subject [21]:

(2.5)

Where:
e T, is the noise temperature in K.
e P, isthe noise power in W.
e BW is the instantaneous bandwidth of the system in Hz.

k = 1.380 x 1023 is Boltzmann’s constant in J/K.

Q
2o

)
U
Figure 2.4. Equivalent circuit with the thermal noise generator and noiseless resistors R [21].
The T, can be referenced at the input port or output port of a device. For amplifiers, T, is

normally referenced at the input port and for passive devices T, is normally referenced at the

output port.
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2.1.2  Equivalent noise temperature of an LNA

Figure 2.5 shows a 2-port network with available gain (G,). The input of the LNA is terminated
with a resistor R and a generator to represent its noise. The noise available at the output of the
LNA is equal to [21]:

Ga* (Tena + Ter)

T, .na 1S modelled as an additional generator at the input of the amplifier that is summed with

the wanted signal.

Go* (Terna + Te1)

Figure 2.5. Equivalent circuit with T, ;4 modelled as a generator [21].

The T, ;4 denotes the noise contributed by the amplifier itself as the signal is amplified. The
resultant signal at the output of the amplifier contains both the wanted T,; and the unwanted
T, .na- Although amplification has taken place, the signal-to-noise ratio at the output of the
LNA is worse than at the input [21].

2.1.3  Equivalent noise temperature of a passive component

Passive lossy components, such as transmission lines and attenuators, will have a T, that is
directly proportional to the physical temperature and the available gain (G,) where G, < 1 of

the component and is determined by the equation [21]:

T, = (L_l) _Li— D&+ T

L(1—L,2) (2:6)

Where:
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e T, isthe equivalent noise temperature of the passive mismatched component in K.
e (, isthe available power gain of the passive mismatched component in W/W.

e T is the physical temperature of the passive component in K.

e [; isthe insertion loss of the passive matched component in W/W.

e T is the reflection coefficient looking towards the source.

There is a special case of equation (2.6) when there is no mismatch, Iy = 0, and the equation
becomes [21]:

o= -Dr= (z-1)r 27)
Where:

e T, isthe equivalent noise temperature of the passive matched component in K.

e T is the physical temperature of the passive matched component in K.

e [, isthe insertion loss of the passive matched component in W/W.

e (; isthe insertion power gain of the passive mismatched component in W/W.

Randa et al. (2005) presented the use of the full Planck form for the T, of a passive termination.
This prevents errors associated with the Rayleigh-Jeans approximation equation (2.2) that can

occur at very low temperatures and very high frequencies [23]:

- l(L)
R\ M _ 4 (2.8)

e T, isthe noise temperature available at the output port of a passive termination in K.

Where:

e k = 1.380 x 10723 is Boltzmann’s constant in J/K.
e h=6.62607015 x 1073*is Planck’s constant in J/Hz.
e fisthe center frequency of the bandwidth in Hz.

e T isthe physical temperature of the passive termination in K.

2.1.4  Cascaded power gain

Insertion power gain® (G;) can be used to refer to the power gain of an LNA. G; may be measured

using a scalar network analyser or power meter and signal generator. G; is defined as the

3 Also known as scalar linear gain.
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difference in power measured between the LNA and bypassing the LNA with a short low-loss

coaxial line. G; is described using the equation [21][24]:

Gi = [S211° (2.9)

The problem with G; is that it assumes the source reflection coefficient (I's) and the load
reflection coefficient (I;). The power gain may vary substantially with different values of I

presented to the input port and different values of I';, presented at the output port.

A definition of power gain that makes provision for the I is available power gain (G,). This
definition of gain incorporates the scattering matrix measurement and port mismatches for
source and output port. Multi stage networks defined using G, can be directly cascaded as the

I, Of the proceeding stage forms the I for the following stage.

() )
A\ S

(2 Port

4—‘ |_> Network) <—‘ |_> F Zy

1—‘out ‘ l—‘L
Figure 2.6. A two-port network diagram [21].

n

G, is defined in terms of the ratio of the power available from the network (P,,,) to the power
available from the source (P,,;) and can be determined using the equation [21][24]
[25][26][27]:

G :Pavn: |521|2(1_|Fs|2) 510
“ Pavs |1 - Sllrslz(l - |Fout|2) ( ' )

Where:
e G, isthe available power gain of a two-port network in W/W.
e P, is the power available from the two-port network in W.
e P, isthe power available from the source in W.
o [ is the reflection coefficient looking towards the source.

e [, is the reflection coefficient looking back into the output of the two-port network.

13



e S, isthe scattering parameter complex ratio between the voltage wave measured at port
2 when an incident voltage wave is applied to port 1.
e S,, isthe scattering parameter complex ratio between the voltage wave measured at port

1 when an incident voltage wave is applied to port 1.

The output reflection coefficient is required to calculate the G, and this can be determine using
the equation [21][24]:

512521FS
1— S0, (2.11)

lout = S22 +
Where:

e T, is the reflection coefficient looking back towards the output of the two-port
network.

e [ is the reflection coefficient looking towards the source.

e S, isthe scattering parameter complex ratio between the voltage wave measured at port
1 when an incident voltage wave is applied to port 1.

e S, isthe scattering parameter complex ratio between the voltage wave measured at port
2 when an incident voltage wave is applied to port 2.

e S, isthe scattering parameter complex ratio between the voltage wave measured at port
1 when an incident voltage wave is applied to port 2.

e S,, is the scattering parameter complex ratio between the voltage wave measured at

port 2 when an incident voltage wave is applied to port 1.
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2.1.5  Cascaded noise temperature

When there is a signal chain or cascade of components as presented in Figure 2.7, each
component will have an associated T, and G,. It may seem counterintuitive when first
encountered, but the T, of each stage does not simply multiply as in the case of G,. Instead,
equation (2.12) describes how to calculate the equivalent cascaded noise temperature (T,,s)
shown in Figure 2.7 [21][28].

Gal

Gg2 Gas G ]
R

@Tel @Tez @Te3 @Ten o

Figure 2.7. Cascaded amplifiers with gain and equivalent noise temperature. Each signal chain
element has its T, represented by a signal source [21].

~
)

R GalGaZGa3---Gan
®r. [

Figure 2.8. The equivalent network for the cascade [21].

The T, of the first stage has the highest contribution to the T, .,s. The T, of each successive
stage is divided by the cumulative gain of the preceding stages. This is shown below in Friis's
cascaded noise equation and it is important that the first stage of amplification has a high G,
and extremely low T, [21][28]:
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Te 2 Te 3 Ten

Tecas = Te1 Ga1 " Ga1Gq2 o Ga1Ggz - Gan-1 (2.12)
Where:
o T, cas 1S the T, of the cascaded signal chain in K.
o T, 1 is the T, of the first element in the signal chain in K.
o T, , is the T, of the second element in the signal chain in K.
o T, 5 i1s the T, of the third element in K.

o T, ,, is the T, of the nth element in K.

o G, 1 is the G, of the first element in W/W.

o G, » is the G, of the second element in W/W.
o Gyn-q1 1Sthe G, of the n-1 element W/W.

2.2 The sensitivity of a radio telescope

2.2.1  Received signal power

There are various types of sources of radio signals, classified as thermal or non-thermal. In this
chapter only the thermal black-body radiation is considered. To illustrate the relevance of

sensitivity it is important to examine some fundamental black-body radiation laws [6].

Wien’s displacement law states that the spectral energy density of the black-body radiator peaks

at a wavelength 4,.4,. The peak wavelength is inversely proportional to physical temperature

of the black-body radiator as described by the equation [6][29]:

N

lpeak == (2.13)

Where:
®  Ayear is the wavelength of peak spectral energy density in m.
e b= 2897771955 X 1073 is the Wien’s displacement constant in m-K.

e T isthe physical temperature in K.

16



The Rayleigh-Jeans law states that the spectral energy density increases as the square of the
signal frequency. This is only valid at frequencies below 100 GHz [6].

2f2kT
- (2.14)

Bf(T) =

Where:
e B(T)is the spectral energy density in Wm?Hz'rad.
e = 299792458 x 108 is the speed of light in m/s.

e k = 1.380 x 10723 is Boltzmann’s constant in J/K.

T is the physical temperature in K.

f is the signal frequency in Hz.

While Wien’s displacement law and the Rayleigh-Jeans law are intuitive, they are incomplete.
A more complete description of the spectral energy density of a black-body radiator is given by
Planck’s law. Planck asserted that every physical body at a temperature above zero K emits
electromagnetic radiation. The spectral energy density at frequency f of a body at temperature

T can be determined by the equation [6]:

2hf3 1
BTy =2

ehf/kT 1 (2.15)

Where:
e B(f,T) is the spectral energy density in Wm2Hzrad%s.
e h=6.62607015 x 1073* is Planck’s constant in J/Hz.
e = 299792458 x 102 is the speed of light in a vacuum in m/s.
e k = 1.380 x 10723 is Boltzmann’s constant in J/K.
e T isthe physical temperature in K.

e fisthe frequency in Hz.

17



Planck-radiation-law curves for black-body radiator at 3 different temperatures
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Figure 2.9. The Planck radiation law curves for a black-body radiator* [6].

Shown in Figure 2.9 is the Planck radiation law curves for a black-body radiator. The
international telecommunications union (ITU) allocated radio astronomy frequency allocations
all fall within the blue shaded area of 13 MHz to 275 GHz. The frequency range of visible light
is shaded in green®. This shows one of the trade-offs of radio astronomy versus optical
astronomy: the spectral energy density B(v) of a black-body radiator is directly dependant on
the physical temperature of the radiator. B(v) decreases dramatically with decreasing signal
frequency [30].

The consequence of this is that radio astronomy instruments receive extremely low power
signals compared to optical astronomy. Therefore, the ability to receive these extremely low

power signals is one of the critical design considerations of a radio telescope.

2.2.2  The radio telescope antenna array element

Although the MeerKAT radio telescope is an antenna array, only one array element is

considered in this analysis.

4 The source code for this script can be found at Appendix A - Python script for generating Planck blackbody
radiation curves
S Visible light frequency range is 400 THz to 769 THz
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Figure 2.10. Picture of a single MeerKAT radio telescope antenna array element with the path
of the EM waves depicted using the dashed line [31].

In Figure 2.10 an image of a single MeerKAT antenna element is shown in order to illustrate
where each of the items in the block diagram is physically located. Figure 2.11 below shows a
functional block diagram of the array element. In both diagrams the signal flow shows
electromagnetic (EM) waves from the distant radio source collected by the dish optics and
converted to two electrically conducted signals by the receiver. The electrically conducted
signals are converted from an analog radio frequency signal to data packets by the digitizer and

then sent to the correlator.
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Figure 2.11. The block diagram of a radio telescope antenna array element. The signal flow
and conversion of the EM waves to conducted RF signals to data packets is shown [32].

2.2.3  The radiometer equation

Radiometry is a technique that develops information about a source solely from the radio and
microwave frequency radiation that originates from the source. A radiometer is a sensitive
receiver that is designed to measure the noise power of the radio and microwave radiation. A
radio telescope is a radiometer used for radio astronomy. The measure of the ability of a
radiometer to receive extremely low power signals is defined as the sensitivity given by the
equation [6][11][21][33]:

T.
ATmin = - (2.16)
Where:
o AT, is the minimum detectable signal of the radiometer in K.
o T, is the system noise temperature in K. Refer to section 2.2.6 for a more detailed
discussion.

e T isthe integration timeins.

e BW is the instantaneous bandwidth of the radiometer detector in Hz.

The ideal radiometer equation shows that AT,,,;,, can be decreased by:
e Increasing BW.
e Increasing t.

e Lowering Tsy;.
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Furthermore, it can be seen that lowering T, is the most effective way of improving ATy,

since the other two parameters must be increased by the same factor squared to have the same
effect.

The Ty, specifications for the MeerKAT UHF-band telescope configuration is 20 K to 27 K
[16].

2.2.4  Minimum detectable flux density

The ultimate sensitivity of a radio telescope element is given by the minimum detectible flux
density (S,,i»)- The equation for S,,;,, contains the elements from AT,,;,, with the addition of
effective aperture (4,.), the receiver constant K and Boltzmann’s constant. Essentially, the S,,;,,
equation takes into account the characteristics of the dish optics and effective aperture of the

antenna [6]:

_ 2kK, Ty

S . =S S¥S
min T 4 VBW T (2.17)

Where:
- Snin is the minimum detectable flux density for a radio telescope in W/m?,
-k =1.380 x 10723 is Boltzmann’s constant in J/K.
- K, is the receiver constant. This is 1 for a total power radiometer.
- Tsys is the system noise temperature in K.
- A, is the effective aperture in m2. Refer to section 2.2.5.
- BW is the bandwidth in Hz.

- tisthe integration time in s.

2.2.5  Effective aperture

The area that collects the EM energy incident on the antenna is called the antenna effective
aperture (A.). An electrically large aperture will increase the antenna gain. The gain of an
antenna (G, ) is defined as the ratio of the maximum radiation intensity in the main beam to
the average radiation intensity in all space multiplied by the antenna radiation efficiency. The

effective aperture of an antenna can be expressed by the equation [21]:
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Gant)\z

e = 4o (2.18)
Where:
e A, is the effective aperture area of the antenna in m2.
o Gn; IS the antenna gain in W/W.
e A isthe wavelength in m.
And the equation:
Ae = MNapdy (2.19)
Where:

e A, is the effective aperture in m2.
* gy IS the aperture efficiency.

e A, is the geometric aperture area based on the radiation pattern and wavelength in m2.

The minimum detectable flux density can be increased by increasing A,, which is related to the
physical size of the dish optics and feedhorn. Factors that reduce the A, are surface errors due
to limited machining tolerance of the reflector surface, blockage due to support structure in the
path of the received EM waves, losses due to finite resistance in the reflector materials, spill-

over of the feed pattern and the losses due to the aperture illumination taper [16][21][34][35].

2.2.6  System temperature

The system temperature (T, is the equivalent noise temperature of the single array antenna
element in K. It consists of the sky background temperature (Ty,,), spill-over to ground (Tsp;;;),

the temperature contribution from the atmosphere (T,:,), the scattering from feed support

structure (Tscattering) @and the equivalent noise temperature of the receiver (Tgx). The elements
that contribute to T, are shown in the system diagram Figure 2.12 and can be represented by
the equation [6][21][35]:

Tsys = Tsky + Tspill + Tatm + Tscattering + TRX (2-20)
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Where:
®  Tsky is the sky noise temperature. Assumed to be “cold sky” for most cases = 2.725 +
1.6(frequency in GHz)™%7° K.
e Ty is the antenna spill-over noise temperature contribution in K. This can be
minimised through reflector and antenna design.
e T,:m IS the noise temperature contribution of the atmosphere in K.

e Tgy is the equivalent noise temperature of the receiver in K.

Receiver with integrated

Radio Dish optics feedhorn

Digitizer mounted to indexer

source

H-Pol

Main Sub- LNA>—2nd —1 3 ADC
—EM— [ fector > oflector [T EM— FH omT FPGA —tDato Correlator
X
Vpor| LNA>>—2nd = ADC
Tsky
Tatm

Tspill TRX
Figure 2.12. The block diagram of a radio telescope antenna element. The T,,; components
are shown [32].

The offset Gregorian type reflector design for the MeerKAT antenna avoids any scattering from
the structure, thus Tscqattering 1S NOt a factor. The feedhorn and orthomode transducer ( OMT)
are integrated into the receiver assembly, thus resistive losses in the feedhorn and OMT (T},ss)
are included in Tgy. A single MeerKAT antenna array element in UHF-band configuration has
a Ty, s 0f 20 to 27 K [16] [34][35].

2.2.7  The receiver and low noise amplifier

The UHF-band receiver and L-band receiver were designed and built by EMSS Antennas. The
receivers are mounted to the feed indexer. The UHF-band receiver is selected by rotating the
indexer so that the focal point of the sub-reflector aligns with the UHF-band receiver feedhorn
[16].
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Figure 2.13. The receiver built by EMSS Antennas with feedhorn attached [31].

Receiver with integrated
feedhorn
m LNA 2nd >R
——€eM—p FH oMT
— L
vepol | -NA 2nd RF—

Figure 2.14. A block diagram of the receiver.

The receiver with the feedhorn attached is shown in Figure 2.13. Figure 2.14 shows a block
diagram of the receiver. The EM waves collected by the main dish optics enter the feedhorn
(FH) and two orthogonally polarised EM waves are converted into electrically conducted
signals by the orthomode transducer (OMT). The output signals from the OMT, denoted as
horizontally polarised (H-pol) and vertically polarised (\V-pol) are each conducted via a coaxial
cable to the low noise amplifiers (LNA). The cryo-cooler keeps the OMT at a physical
temperature of approximately 100 K to reduce the noise temperature contribution before the
LNA. The LNAs are cooled by the cryocooler to approximately 20 K [16].
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Figure 2.15. UHF-band receiver noise temperature Trx. Survivability refers to the

survivability test that injects the highest input power allowed. There should be no

degradation in performance after the survivability test. [36].

The LNA is the first stage of amplification of the received signal within the receiver. As
explained in section 2.1.5, the first stage of amplification has the greatest effect on the

equivalent noise temperature of the entire receiver.

For a single MeerKAT antenna element in the UHF-band configuration, the Tzy is5 Kto 7 K
as shown in Figure 2.15. The frequency range for the UHF-band receiver is 580 MHz to 1015
MHz [16][34][35].

2.2.8  The UHF-band LNA

The UHF-band cryogenic LNA was developed for the UHF-band receiver by Herzberg
Astronomy and Astrophysics (HAA), a part of the National Research Council Canada (NRC).
The first stage uses an Indium Phosphate (InP) high electron mobility transistor (HEMT) as it
gives the best low noise performance. The second and third stage use Gallium Arsenide (GaAs)
HEMTSs as these give high gain and good amplitude stability. The LNA has the following
specifications across the frequency band of operation [37]:

e AT,of 0.6 Kaverage.

e A gain of greater than 45 dB.

e Input and output return losses of less than 12 dB.

e Operation over the frequency band of 580 to 1070 MHz.
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Figure 2.16. The UHF-band LNA [38].

The effect of cryogenic cooling on an LNA is illustrated by McCulloch et al., 2017 and
represented in Figure 2.17. Even though their measurements were not performed on the UHF-
band LNA used in MeerKAT, the results presented are still of importance as they show that in
general the T, of cryogenic LNAS have a direct linear relationship with the physical temperature
of the electron channel within the LNA transistors. The self-heating effect of the electron
channel has an increasingly prominent effect on the reduction of the T, of the LNA below about
25 K physical case temperature. These characteristics vary depending on the transistors used
[39].

100

Mean noise temperature, [K]

10

1 10 100
Physical temperature (chassis), [K]

Figure 2.17. The relationship between physical case temperature and mean T, for a
cryogenic LNA [39].
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2.3  Chapter conclusion

The first half of this chapter dealt with concepts around the phenomenon of noise in electrical
circuits, including a description of the terms: equivalent noise temperature (7, ), cascaded power

gain and equivalent noise temperature of a cascade (T,s)-

The second half of this chapter discussed topics relating to the sensitivity of a radio telescope
element. The description of a radio telescope array element was followed by a discussion of the
radiometer equation and the minimum detectable flux density as well as the effective aperture
(A.) and the system temperature (T,s). The final two sections gave a brief description of the
MeerKAT receiver and the UHF-band LNA in the context of the receiver, and ultimately, in

the context of the radio telescope. Figure 2.18 shows the radio telescope antenna element

. . Receiver with integrated - .
Radio Dish optics feedhorn Digitizer mounted to indexer
source .
-Po o
Main Sub- LNA™>2nd < Apc
——EM— | flector »| oflector M FH omT FPGA —tDato Correlator
e
Vpor| LNA>>—2nd = ADC
Tsky
atm Tspill Terx =Te feedhorn T Te omr + Te Lna

Figure 2.18. The block diagram of a radio telescope antenna element. The T,,; components
are shown [32].

The relevant background information has been presented and the reader should be familiar with
the concepts as they are used in the remainder of this thesis. The importance of the T,
performance of the LNAs to the radio telescope array element should now be evident. An
appropriate measurement method should be selected that will allow accurate measurement of
T, of the LNA. To be able to perform T, measurements on the UHF-band LNA, the following
will be presented in the next chapter:
e An extensive literature survey and a suitable LNA equivalent noise temperature
measurement method will be selected.
e The measurement method will have a suitable uncertainty to be able to measure T, of
0.6 K across the band.

e The measurement method will make use of the existing receiver hardware and test
system as far as possible.
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Chapter 3

LNA T, measurement methods

3.1 Introduction

The goal of this chapter is to present the different low noise amplifier equivalent noise
temperature measurement methods that were investigated and discuss the suitability of each
method. The theoretical ideal measurement case is presented, and the challenges that prevent
this from being realised are discussed. The Y-factor measurement method is presented followed
by improvements that address issues with the Y-factor method. The cold source measurement
method is discussed along with a variation of the cold source method that makes use of a
variable temperature source. The measurement of noise using a VNA is also possible, and this
is briefly discussed. Finally, the cold attenuator measurement method is presented, followed by

a summary and comparison of methods.

Commonly used terms:
e Delta (A) is used to denote the uncertainty of a term.
e Second stage is used to denote the stages after the AUT. This normally includes the

output transmission line, test cable and noise figure analyser.

3.2 LNA equivalent noise temperature measurement — The

ideal case

Theoretically, if the input of the AUT could be terminated with a passive termination that had

a physical temperature (T, py5) 0f 0 K, then the noise temperature measured at the output of the

AUT WOU|d be Tmeas = eAUTGa AUT [21][40]
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Te AUT

Tphys = 0K Ga aur Tmeas = Te aurGa
Passive .
. —O— Radiometer
termination

Figure 3.1. Measurement of T, 4,7 using a 0 K load and lossless radiometer [21].

This theory is not able to be realized. Firstly, it is not possible to cool the passive termination
to 0 K [21]. Secondly, the input and output transmission lines (TX lines) will have their own
T, and G, contributions. Finally, the radiometer has its own T, and G, contribution. Adding in

all these factors results in Figure 3.2 and equation (3.1).

Te AUT Te RAD
Te TX line 1 Te TX line 2
Ga AUT Ga RAD
TPT Ga TX line 1 Ga TX line 2
Pa.sswe. —O— TX line TX line FO—— Radiometer
termination

Figure 3.2. Measurement of T, using a ambient load, transmission lines and a lossy
radiometer [21].

The value measured by the radiometer can be expressed by this equation:

Tmeas = ((((((Tpr + Terx tine 1) Gatx tine 1) + Te aut) Ga avr

3.1
+ Te 1x tine 2)GaTx tine 2) + Te Rap)Ga raD (31)

Where:
o T,.eas IS the noise temperature measured by the radiometer in K.
e Tpy is the noise temperature of the passive termination in K.
® T.rxiine 1S the T, of the input TX line in K.
o G,7x1ne1 1S the available gain of the input TX line in W/W.
o T, ur isthe T, of the AUT in K.
e G, 4ur IS the available gain of the AUT in W/W.
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o T,rxiine2 IS the T, of the output TX line in K.
e G, rxine 2 1S the available gain of the output TX line in W/W.
o T,grap isthe T, of the radiometer in K.

e G, rap IS the available gain of the radiometer in W/W.

It is no trivial feat to de-embed the T, 4, from equation (3.1) based on a single measurement,
therefore, several methods for measuring the T, 4, are described and listed in this chapter.
These methods include:

e The classic Y-factor method.

e The corrected Y-factor method.

e The cold source method.

e A variable temperature cold source method.

e Vector network analyser method

e The cold attenuator method.

3.3 The classic Y-factor method

The classic Y-factor method uses two noise sources at significantly different equivalent noise
temperature values, called the hot noise temperature (T3,) and the cold noise temperature (T,).
The noise sources can be active or passive, but the values for T}, and the T, should be accurately

known.

Th Tmeas h
Tmeas C
Te AUT
Radiometer
Gi aur
T, —O

Figure 3.3. A simplified diagram of the classic Y-factor measurement method [21].
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The first step is to measure the noise power (B,) on the radiometer with the T;, coupled to the
input of the AUT. The next step is to measure the P, on the radiometer with the T, coupled to
the input of the AUT. These measured power values are called P,,oqs 1 @aNd Pyeqs  FESpectively.
The equivalent noise temperature of the AUT (T, 4,57) may be calculated using the following
equations [21][40][41][42][43][44]:

_ (TeAUT + Th)GiAUT _ Tmeash _ TeAUT + Th

Y = = =
(Teavr +T)Giavr  Tmease  Teavr +Tc (32)

The Y-factor ratio can also be calculated using the measured power in watts:

Pmeas h

Y =

(3.3)

Pmeas c

Rearranging equation (3.2) and performing algebraic manipulation:
Y(Te avr + Tc) =Te aur + Th

YTe aur + YTc = Te aur + Th
YTe aur = Teavr = Th — YT,
Teavr(Y =1) =T, — YT,
The resultant equation can be used to find the equivalent noise temperature of the AUT:

;T YT
eAUT = Ty 1 (3.4)

The insertion gain of the amplifier under test can determined using the equation
[21][40][41][42][43][44]:

Tmeash — Tmeas c (35)
Th —T¢

G; aur =

Where:

e Y isthe ratio of the output noise temperature measurements.

31



e T, 4yt IS the equivalent noise temperature of the AUT in K.

e T, is the known noise temperature of the hot load in K.

e T, is the known noise temperature of the cold load in K.

o Theasc IS the measured noise temperature when T, is attached to the input port in K.
o Teasn IS the measured noise temperature when Ty, is attached to the input port in K.
e P,.asc IS the measured noise power when the T, is attached to the input port in W.

e  P,.asn 1S the measured noise power when the Tj, is attached to the input port in W.

e G 4uyr Isthe insertion gain of the AUT in W/W.

Figure 3.4 shows a graphical representation of the Y-factor calculation. The blue dot represents
the hot measurement and is plotted with the measured P,,.,s 5 Vvalue on the y-axis with the
known T}, value on the x-axis. The orange dot represents the cold measurement and is plotted
with the measured P,,..s - Value on the y-axis with the known T, value on the x-axis. The y-
intercept point is the point where the source noise temperature equals 0 K. If a line is drawn

through the two measured points, then the y-intercept can be extrapolated [42].
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Plot of Y-factor measured vs generated noise temperature

Tmeash
Slope =GAUT
g 4
1)
3
£
@® Hot measurement
b Cold measurement
Y-intercept
Tmeas c
TC T T T T TI,;

Known source noise temperature (K)

Figure 3.4. Graph showing the measured equivalent noise temperature versus the noise source
equivalent noise temperature values.

The equivalent noise temperature can be found by extrapolation of the graph to the y-intercept.
This is the green point on the Figure 3.4, where the equivalent noise temperature of the source

is zero and the measured power is generated by the AUT.
y — intercept = (Te ayr)G; aur (3.6)
The gradient of the graph can be used to determine the insertion gain (G;) using the equation

[40][42]:

d_y _ Tmeash - Tmeas c

dx Ty — T, 3.7)
But the measured noise temperature consists of the following:
Tmeash = (Te aur + Tr)Gi aur
(3.8)

Theasc = (TeAUT + Tc)GiAUT
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When equation

(3.8) is substituted into equation (3.7) and algebraic manipulation is performed:

d_y _ Tmeash — Tmeas ¢ _ (TeAUT + Th)GiAUT B (Te avr t Tc)GiAUT

dx Th — TC Th — TC
d_y _ Gi aurTe avr + Gi avrTh — GiavrTe aur — Gi avrTe
dx Th — TC
d_y _ Gi aur(Te aur + Th — Te aur — T¢)
dx Th - TC
dy
a = Gj aur

Where:
e G; 4yr Istheinsertion gain of the AUT in W/W.

Equation (3.9) shows that the slope of the Figure 3.4 is equal to the gain of the amplifier under

test. The classic Y-factor method requires all components to be well matched and a large

difference between the Ty, and the T,,;4 [45].

3.3.1  Removing the second stage effect from the cascade

In most classic Y-factor measurements, the result is not only the T, of the AUT (T, 4yr), but
the T, of the cascade (T, .,s) consisting of the AUT, test cables, pre-amplifier and radiometer.
To calculate the T, 4y7, Second stage correction is employed. Figure 3.5 shows a classic Y-

factor measurement using a calibrated noise diode as the noise source. The noise diode may be

(3.9)

coupled directly to the input port of the AUT and provides two noise temperature values.

Tmeas cold

[
»

Thot I Te aur I a 2nd stage Tmeas hot

I G I
AUT
Tcold | aAv [
Noise ! :
. O O- TXline —O Pre-amp O Radiometer

diode | |
| |
I I
| |

Figure 3.5. Measurement of T, using a noise diode, transmission lines and a lossy radiometer

[21].
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The equivalent noise temperature of the second stage is measured on its own. A classic Y-factor

measurement is performed on the second stage as per Figure 3.6.

Thot
Tcold

— Te 2nd stage >

Noise
diode

O

TX line

a 2nd stage Tmeas hot |

I
Tmeas cold

Pre-amp O Radiometer

Figure 3.6. Measurement of the T, 5,4 stage USING a NOise diode [42].

Friis formula given in equation (2.12) is used to determine T, 4y from the T, .. [40][42]:

Where:

o T, uyristheT, of the AUT in K.

Te avr = Te cas —

Te 2nd stage

(3.10)

Ga AUT

o T, .. isthe T, of the AUT and second stage in K.

®  T,anastage IS the T, of the second stage in K.

e G, apr 1S the available gain of the AUT in W/W.

The gain of the amplifier under test (G, 4y7) IS determined by a VNA measurement.

Referring to equation (3.10), if the gain of the amplifier under test (G, 4y7) is sufficiently large,

then the 2" stage contribution will be very small. If G, 4y is small then a low noise pre-

amplifier is added after the AUT to decrease the 2" stage contribution [42].

3.4 The corrected Y-factor method

3.4.1  Improvements to the 2" stage correction

Vondran (1999) describes two issues pertinent to the classic Y-factor measurement, namely

using the incorrect gain definition (Available gain G, versus insertion gain G;) for removing
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the 2nd stage effect from the cascade and matching between networks. Making the incorrect
assumptions about the above two points may lead to significant errors in the final T, 4,1 value
[24].

Molina (2019) already suggested that using the simple Y-factor method on an AUT results in
errors. They derived expressions to estimate the error limits with and without an isolator after
and before the AUT. They showed that errors may be as high as £ 0.74 dB when measuring a
1 dB NF amplifier with no input isolator. They declared that the measurement errors are
dominated by mismatches. Mismatches are caused when there is a difference between the
source and load impedances in a component cascaded. The mismatches are measured using a
vector network analyser (VNA), which measures both the magnitude and phase. These are used

to calculate the G, for the second stage correction [27].

Additionally, the equivalent noise temperature of the radiometer is strongly dependent on the

source impedance presented to its input port.

3.4.2  Problem with the 2" stage correction:

Adapting equation (2.10) to illustrate the issue with the output matching of the AUT:

G :Pavn — |521|2(1_ |Fs|2) 311
@At Pavs |1_511Fs|2(1_|rout|2) ( ' )

Referring to equation (3.11), the term related to the AUT output matching (1 — |T,y¢ apr!?)
becomes the dominant term as the AUT output match degrades. This means that the available
gain of the AUT approaches infinity as the output reflection coefficient approaches 1 and this
error also strongly depends on the phase of the output reflection coefficient [27].

Analysing equation (3.10) and denoting which terms are a function of the output reflection
coefficient of the AUT (T, ayr) and the source reflection coefficient presented by the noise

source (I's) using brackets [27]:

Te 2nd stage (Fs)

TeAUT(FoutAUT) = Tcas(rout AUT) - GaAUT(Fout AUT)
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The first thing to note is that the second stage equivalent noise temperature (T 2ng stage) IS
measured without the AUT in place as shown in Figure 3.7. This means that it is a function of
the source reflection coefficient of the noise source () and not the output reflection coefficient
of the AUT (I, auT). The second stage equivalent noise temperature is not identical when the
different reflection coefficients I'; and I, ayT are presented to its input port. As the value of
Te 2nastage(Ts)  diverges from Teyp45tage (Tout aur) the error contributed by this term

increases.

Tmeas Cc

| Tmeas h |

Noise —O——— - Radiometer

I

Figure 3.7. Y-factor measurement of T, 5,4 stage USING @ Noise diode is a function of I; [27].

G, ayr and T, are determined with the AUT in the cascade as shown in Figure 3.8 where the

output reflection coefficient of the AUT ([, ayr) IS presented to the second stage input port.

| | Tmeas h
7’;’1’ I I Tmeas c
C
- I
Noise | .
diode O O Radiometer

| I
I 4—‘ I<—‘
I Fs I 1_‘out AUT

Figure 3.8. Y-factor measurement of T, ., is a function of [',,,; 4ur [27].

Thus to minimise the error caused by the change in equivalent noise temperature of the second
stage with different impedances presented to its input port, the gain of the AUT can be increased
or the matching between the AUT and the second stage can be improved using an attenuator or

isolator between the AUT and the second stage.
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The corrected Y-factor method does not correct for all mismatch as illustrated in Figure 3.9. An
AUT with a high mismatch presented at its output port and low values of G; 4y Will result in
significant errors regardless of the method used. Higher G; 4y with lower AUT |S,,| values

result in reduced error [27].

|AF| (dB)

-30 -25 -20 10 -5 0

-15 -
5221 (dB)

Figure 3.9. Noise factor error (AF) versus AUT output return loss. Three values of S, are
shown. Note that G; 457 = |S,1| (dB) in the diagram. The solid line is the classic Y-Factor
method, dashed line is the corrected Y-factor method [27].

Isolators or attenuators used between the AUT and the radiometer or the 2" stage can minimise
the error that the mismatch causes. In particular, the input of the radiometer should be isolated
to reduce the difference in the T, of the radiometer itself when different impedances are

presented to the radiometer.

3.4.3  Noise source impedance changes between on and off state

The noise diode and the excess noise ratio (ENR) is dealt with in more detail in section 4.3.1.
The heart of an active noise source is an avalanche diode that is biased when the noise source
is switched on (T3,) and unbiased when the noise source is switched off (T,). An attenuator is
built into the noise source to diminish the effect of the change in the impedance between the

two states [24].
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The measured reflection coefficient for both states of the 346B noise source is presented in
Figure 3.10. The reader should note that the importance is the difference between the states.
The effect of this is that the available gain of the amplifier under test (G, 4yr) Will be different

between the on and off states of the noise source®.

Noise Source 346B S11

—— 346B S11 on
- 346B S11 off

=10 1

IS11] (dB)

=50

04 0.6 0.8 1.0 1.2 1.4 16 1.8
Frequency (GHz)

Figure 3.10. The difference in return loss between hot and cold states of the noise source.

Molina (2019) states that for the Y-factor low-noise amplifier measurements, one of the main
causes of error is the variation in the output impedance between the noise diode switched on
and switched off. The Y-factor equation (3.4) assumes that the mismatch between the noise
source and the AUT is identical between the on and off states. The effect of the variation can
be lessened by including a well characterised isolator or attenuator between the noise source
output and the AUT input. This results in a reduced impedance mismatch between the AUT and
noise diode output [27][46].

3.5 The cold source measurement method

After 1990, the classic Y-factor method that requires the use of isolators was no longer seen as
a viable measurement method and the cold source method was adopted [47].

® This difference is shown in the plot of the measured available gain of the AUT in Figure 5.26. Note that in this

plot, the attenuator between the noise source and the AUT reduces the difference to insignificance.
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Randa et al. (2006) and Gu et al. (2013) describe a measurement method developed at the
National Institute of Standards and Technology (NIST). Figure 3.11 illustrates the cold source
measurement method. This method uses a cryogenically-cooled passive termination with a
physical temperature that is as low as possible. This cold source is coupled directly to the input
of the AUT. A radiometer is used to measure the noise temperature at the output of the AUT
[23][48].

Cryostat |

TPT e AUT Tn TX line Tmeas

Passive I
termination L

Radiometer

Figure 3.11. Measuring the T, of the AUT using the cold source method [23][48][49].

This method has shown to have extremely low measurement uncertainty provided that the
radiometer and transmission line G, and T, characteristics are accurately known. The cold
source measurement method has two advantages over the classic Y-factor method, namely
[23][48][49]:
e The passive termination has a high return loss. This reduces the uncertainty due to the
mismatch between the output port of the noise source and the input port of the AUT.
e A noise diode is not used for the AUT measurement, thus the noise diode ENR

uncertainty is not part of the measurement uncertainty.

Figure 3.12 shows the cold source measurement setup used by Gu et al. (2013).
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Figure 3.12. The open cycle liquid helium cryostat used by Gu et al. (2013). TS1 and TS2 are
temperature sensors [49].

3.5.1  Transmission line property extraction

The low loss coaxial transmission (TX) lines are used to connect the ambient temperature
vacuum feedthroughs to the AUT. These cables can be chosen to utilise a stainless-steel outer
conductor in order to minimise the thermal conductance between the cold head and the ambient
temperature outer wall of the cryostat. Thus, they have a large temperature gradient across them

which makes analytical determination of loss and noise a complex issue.

Transmission line gain determination
The TX line characterisation measurement used in Gu et al. (2013) is shown in Figure 3.13.
The TX lines are connected using a short low loss jumper cable and a standard Y -factor

measurement is carried out.

T, Cryostat | | Trneas h
T, | | Tmeas c
. Girtxii Gimo s
s':‘)?Jf; I el |_|_|* [TX e 2 I Radiometer
1 2 | |3 4
| |

Figure 3.13. Setup for measuring G; (<1) through TX lines [23][48][49].
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An adapted form of equation (3.5) is used [49]:

Tmeas h — Tmeas c

Gitxiine 1GiTx line2 = T, — T, (3.12)

Where:
® Girxiine1GiTx tine 2 1S the G; (<1) of TX line 1 in series with TX line 2 in W/W.
o Teasn 1S the noise temperature measured by the radiometer when T}, is connected to
port 1 in K.
o Theasc 1S the noise temperature measured by the radiometer when T, is connected to
port 1 in K.
e T, is the noise temperature of the hot load in K.

e T, is the noise temperature of the cold load in K.

The TX lines are chosen to be well matched so that the following assumption can be made

in order to determine the individual TX line gain values [49]:

Girxtine1 = Gitx tine2 = v GiTx line 1GiTx tine 2 (3.13)

Transmission line noise temperature

The noise temperature of the transmission line (T}, 7x tine 1 OF Tn 7x 1ine 2) Will add directly to
the noise temperature of the cooled passive termination (Tpy). The measurements are performed
as per Figure 3.14 and Figure 3.15 to determine the TX line noise temperature contribution.
These measurements require a well characterised radiometer with sufficient gain and stability
in order to be useful. Randa et al. (2006) and Gu et al. (2013) demonstrated this using a purpose-
built radiometer named NFRad [23][48][49].
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Cryostat
Tmeas 1 | TP T

<«— Thrxiine1 .
1 Passive

Radiometer [ I_'_ termination

Gi TX line 1

1 |12

Figure 3.14. Measuring the noise added by the TX line 1 [23][48][49].

Cryostat | T
TpT | meas 2
] — InTXline2 —p
Passive —|—| { Radiometer
termination —I—Iﬁ
Gi TX line 2
3 | 4

Figure 3.15. Measuring the noise added by the TX line 2 [23][48][49].

Equation (2.8) is adapted to measurements shown in Figure 3.14 and Figure 3.15 to build the

following equations [49]:

Thrxiine1 = Tmeas1 — Gitx tine 1Tpr (3-14)

Thrxiine2 = Tmeas2 — Gitx tine 2Tpr (3.15)

Where:

® Girxiine1 isthe G; (<1) of TX line 1 in W/W.

o Girxiine2 1Sthe G; (<1) of TX line 2 in W/W.

o Toeas1 1S the T,, measured with the radiometer connected to port 1 with the Tpp
connected to port 2 in K.

® Toeas2 1S the T,, measured with the radiometer connected to port 4 with the Tpp
connected to port 3 in K.

e Tpr isthe T, available from the cold passive termination calculated using formula (2.8)
in K.
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Note that the T}, 7x 1ine 1 Measured from point 2 to 1 does not equal the T}, 7x jine 1 Measured
from point 1 to 2. The TX line can be seen as a distributed cascade of varying physical
temperature. In the cascade it matters what order the elements with the different T,, values are
located [49].

3.5.2 AUT Measurementof G, and T,

The three AUT measurements are described in this section. The first is a Y-factor measurement

shown in Figure 3.16 used to determine the gain of the whole cascade.

T, Cryostat | Ty aur Tmeasn
Tc | e | Tmeas c
S'\;ZLS; I AUT I Radiometer
GiTx line1 GiTx tine 2
1 2 I3 4

: GaAUT

Figure 3.16. Measurement of G, [23][48][49].

During the cold source measurements shown in Figure 3.17 and Figure 3.18 an excellent match
is presented by the passive termination, thus it is assumed that the source reflection coefficient
(T) is zero. This results in a simplified equation (3.16) to determine the G, 4y7. This equation
(3.11) given in Gu et al. (2013) shows how the available gain of the AUT (G, 4yr) can be
determined from the gain of the whole cascade taken in the measurement shown in Figure 3.16.
Only the output reflection coefficient of the AUT (I, 4u7) Needs to be known [49]:

2
G G G _ Tmeasn — Tmeas c 1- Irout AUT|
iTX line1YiTX line2Ya AUT —
Th =T

1 - (ll-‘out AUTlZ/Gi TX line 1Gl TX liTLEZ) (316)

Where:
® Girxiine1 iSthe G; (<1) of the TX line 1 in W/W.
® Girxiine2 iSthe G; (<1) of the TX line 2 in W/W.
o Gy aur isthe G, (>>1) of the AUT in W/W.

o [,y aur 1S the output reflection coefficient of the AUT.
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The final two measurements, shown in Figure 3.17 and Figure 3.18 are carried out in order to

determine the T, 4yr.

Cryostat T
Tmeas AUT 1 | e AUl TPT
Tn TX line 1
. I L Passive
Radiometer [ termination

Gi TX line 1

1 | 2

| T

Figure 3.17. Measuring the Ty,eqs aur 1 [23][48][49].

Cryostat |
T |
TPT e AUT T Tmeas AUT 2
| nTX line 2
Pa§5|vg I Radiometer
termination
| GiTx line 2
T 3 a
v |

Figure 3.18. Measuring the Ty, .qs auT 2 [23][48][49].

For the final measurements a different definition for T,, than that presented in formula (2.5) and
(2.8) is described by the equation [23]:

Tmeas = Ga avr (Ter + Te aur + Tv) (3.17)
Where:

e Teaqs 1S the noise temperature measured at the output port in K.
e G, 4yt 1S the available gain of the amplifier in W/W.
e Tpy is the noise temperature of the passive termination in K.

o T, 4ur is the effective noise temperature of the AUT in K.

The term T, is to account for the noise added by the random vacuum fluctuations and can be

described by the equation:
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hf
Ty =7 (3.18)

Where

Ty is the noise temperature added at the amplifier input by vacuum fluctuations in K.
h = 6.62607015 x 1073* is Planck’s constant in J/Hz.

f is the center frequency of the bandwidth in Hz.

k = 1.380 x 10723 is Boltzmann’s constant in J/K.

The T, of the AUT can be calculated using the equation derived by Randa et al. (2006) and Gu
et al. (2013) [23][49]:

—Tpr =Ty (3.19)

T _ (Tmeas aur 1 = Tnrx tine 1) (Tmeas avr 2 — Tn rx tine 2)
e AUT — G G G
iTX line1YiTX line2Ya AUT

Where:
o T, sy IS the equivalent noise temperature of the AUT in K.
®  Theas aut 1 1S the noise temperature measured in Figure 3.17 in K.
®  Theas auT 2 1S the noise temperature measured in Figure 3.18 in K.,
o T, rxuiine1 1S the noise temperature added by the TX line measured in Figure 3.14.

o T, rx1ine 2 1S the noise temperature added by the TX line measured in Figure 3.15.

Gu et al. (2013) uses a very comprehensive uncertainty analysis to calculate +0.3 K as the
uncertainty for this method. This is the lowest uncertainty quoted for any measurement method;
however, the trade-off is that it requires six cool-heat cycles for the calibration of the test setup
and initial measurement. Thereafter each measurement requires three cool-heat cycles per
T, 4ur Measurement. The authors admit that this method is not quick, efficient, or easy.
Additionally, it requires a custom-made attenuator to avoid thermal gradients. Lastly, a very
stable, well characterised radiometer is required. Gu et al. (2013) uses the NFRad that was
designed and built for this purpose. Table 3.1 shows the cold source measurements found in the
literature for comparison. Note that the measurement uncertainty of the noise temperature of
the AUT is below 0.33 K for all measurements [49].
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Table 3.1. Cold source measurement method comparisons.

Gu et al. (2013) suggested the following improvements to the passive termination to reduce

uncertainty:

3.6 The cold source measurement method with a variable

Source Frequency | AUT Gain | Tynys | Te avr | ATe aur
(GHz) (dB) (K) | (K) (K)
Gu et al. 4-8 44 4 <2 0.18 -
(2013) [49] 0.33
Randa et al. 1-11 33.4-35.8 4 <5.5 0.3

(2006) [23]

element.

temperature source

This method is a variation on the cold source method. Simbierowicz et al. (2021) present a

noise source with an integrated heating element that can vary its thermal noise temperature

A matched passive termination with a higher reflection loss.

A more isothermal passive termination to lower the temperature gradient.

Integrating the temperature sensor into the body of the passive termination.

Measuring the physical temperature as close as possible to the actual termination

Adding a heating element to the passive termination will allow a few reference noise
temperatures directly to the AUT [49].

from 0.1 K to 5 K without causing heat transfer to the other components [50].

A room temperature LNA with a T, of 10 K was tested by Simbierowicz et al. (2021) using

this measurement method as illustrated in Figure 3.19 [51].
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Cryostat

Heater

Attenuator T' AUT Radiometer

Output TX line

Figure 3.19. The cold source measurement method with a variable temperature attenuator
with the AUT outside the cryostat [51].

Gu et al. (2013) suggested that adding an integrated heating element to the passive termination
will allow a few reference noise temperature values to be applied directly to the AUT input as

an improvement to the cold source method. This concept is shown in Figure 3.20 [49].

Cryostat

Attenuator -| AUT Radiometer

Heater

Output TX line

Figure 3.20. The cold source measurement method with a variable temperature attenuator
connected directly to the AUT input port [49].

This could be considered as a future improvement if the cold source method is selected.

3.7 Noise measurement with a vector network analyser

Russell (2013) gives a description of another way of representing the noise in a two-port
network known as noise wave analysis. Figure 3.21 shows the noise wave B, originating from
the source. The imperfect matching at the input of the noiseless network results in the source
noise wave (Bg) being separated into the noise wave reflected back towards the source (B,,) and

the noise wave incident on the network (4,,) [52].
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:
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I
| “NOISELESS”

Figure 3.21. S-parameter measurement including the source noise wave B, the incident noise
wave A,, and the reflected noise wave B,, [52].

A vector network analyser (VNA) with a built-in noise receiver is able to perform
measurements based on the cold-source technique. The benefit of this method is that the noise
can be measured for many different values of the source and the load impedance, which is
beneficial for determining the optimum matching for a low noise transistor when designing a

low noise amplifier [53][54].

This method is able to extract the noise parameters of an amplifier or a single transistor.

ol

Figure 3.22. A high-accuracy noise figure measurements using the PNA-X series network
analyser [55].

Garelli, Ferrero and Bonino (2009) present a noise and scattering parameters test set using a
vector network analyser (VNA), a noise figure analyser (NFA), a noise source, microwave
couplers, microwave switches and a microwave tuner. This test set can measure S-parameters
and noise waves and these measurements can be transformed via a matrix transformation to

extract the noise parameters [56].
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The measurement method based on noise wave formalism has been shown to be viable in the
literature, but no evidence was found of this methods’ widespread use in ultra-low noise
cryogenic LNA measurements. Uncertainty values from institutions using this method were not

available for comparison with the other methods reviewed [43].

3.8 The cold attenuator measurement method

This method was first developed and used by Weinreb and Kerr and the National Radio
Astronomy Observatory (NRAO) [41].

The cold attenuator measurement method addresses most of the issues with the classic Y-factor
method. This method uses a cryogenically cooled attenuator that is coupled directly to the input
port of the amplifier under test (AUT). Figure 3.23 shows a diagram of the test method. The
attenuator is cooled by the same cold plate as the AUT. When the noise diode is unbiased, the
attenuator behaves like the cold load. When the noise diode is biased, the noise temperature it
produces is reduced by the insertion loss of the attenuator to a level suitable for testing
extremely low noise cryogenic LNAs. The loss between the noise source and the AUT as well
as the noise contribution of the other elements in the cascade are factors that influence the

accuracy of the final equivalent noise temperature value [57].

Cryostat
ore I cold AUT I Radiometer
source T attenuator
Input TX line Output TX line

Figure 3.23. The cold attenuator measurement method [58].

A noise diode is connected via a vacuum feedthrough and low loss transmission (TX) line to
the attenuator. When the noise diode is switched on, the noise temperature delivered to the AUT
is dominated by the hot noise temperature (T';,) from the noise diode attenuated by the input TX

line and the attenuator. When the noise diode is switched off, the noise temperature delivered
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to the AUT is dominated by the equivalent noise temperature of the attenuator (T, 4rr) With a
small contribution from the noise diode T, and the input TX line [58].

3.8.1  Transmission line property extraction

Low loss coaxial TX lines are used to connect the ambient temperature vacuum feedthrough
adaptors to the AUT. These TX lines have large temperature gradients across them and their

noise temperature T,, and G; (<1) need to be determined.

For the first measurement, TX line 1 and TX line 2 are connected in series using a low loss
short jumper cable. Referring to Figure 3.24, the TX lines are thermally anchored to the cold
plate at planes 2 and 3 and thermally anchored to the ambient temperature feedthrough adaptors
at planes 1 and 4. The system is cooled and a two-port S-parameter measurement is carried out.

The TX lines are created with identical characteristics in order for the assumption expressed by

the equation G;rx tiner =  GiTx 1ine1GiTx 1ine2 t0 be valid [41]. Two methods are shown for

measuring G; rx tine1Gi x 1inez 1N Figure 3.24 and Figure 3.25.

Cryostat | |
| |
| Short |
| Te TX line 1 Imlgizt Te TX line 2 |
Port 1 [ | Port 2
Gi TX line 1 Gi TX line 2
| |
1 2 | r? 4

Figure 3.24. Measurement of G; rx jine 1Gi Tx tine 2 USING @ VNA [41].

Cryostat | |
Th Tmeas h
T | Short | Tmeas C
Nocise : Terxitine1 jumper | Terx tine 2
— Radiometer
source " Girxiines GiTx tine 2
1 2 | | 3
| |

Figure 3.25. Measurement of G; 1x jine 1GiTx 1ine 2 USING the classic Y-factor method
[23][48][49].
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The total loss through the TX lines is determined through a Y-factor measurement and a
modified form of equation (3.5) [49].

Tmeas h — Tmeas c

Gitxtine1GiTx line2 = T, —T, (3.20)

The T, rx 1ine 1 Can be estimated by the assumption shown in the following equation [58]:

Tamb+Tphy ATT
TohysTx line1 = 2 : (3.21)

Where:
e T.,mp IS the physical temperature of the vacuum feedthrough in K.

o T

phys arr 1S the physical temperature of the attenuator in K.

3.8.2  The attenuator property extraction

The second measurement determines the attenuator insertion gain (G;) when cooled to operating
temperature. The S-parameter measurement is carried out with the TX lines and attenuator in

place. The same low loss short jumper cable is used [41].

Cryostat | |
T | short |
L Terxiines o jumper | Terxunez
e I attenuator —|—| L e
Gi TX line 1 Gi TX line 2
Giarr |
1 2 | 5 4

Figure 3.26. The S-parameter measurement of the TX lines and attenuator [41].

Once the test system calibration is complete, the cryogenic LNA can be measured in the next

step.
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3.8.3  Amplifier under test measurement

For the third measurement, available gain (G,) is calculated for elements between the noise

source and the AUT using the S-parameter data captured by the previous measurements.

Cryostat |
Th v Th 2 T Tmeas h
Tc Te ATT ceff eAUT | Tmeas c
Noise Terx tine 1 Cold | | Terx tine 2
] Ol I .
source G ; attenuator || AUT | Radiometer
aTXline1l T GaTXlinez
Ga ATT |
a AUT
1 2 | |3 4
1 n

Figure 3.27. The cold attenuator measurement with the AUT and all elements connected
[58][41].

The effective noise power Ty, .¢f , Tcorr delivered to the AUT is calculated. The simplified
equation (neglecting the input TX line contribution) is as follows [41][58][59][60]:

Th

1
+ Tphys ATT (1 - I

) ) = ThGa arr + Tpnys arr(1 — Gg arr) (3.22)
TT

Th s B LATT

T, 1
Tceff = L_+ TphysATT (1 - I

) = TcGa arr + Tpnys arr(1 — Gg arr) (3.23)
ATT ATT

The cascaded equivalent noise temperature T, .,s Can be calculated from the effective noise

temperatures using the customised Y-factor equation:

Therr = YTcery
] (3.24)
T

meas hot
Y =———

Tecas =

(3.25)

Tmeas cold

Where (in reference to equations (3.22), (3.23), (3.24) and (3.25)):

o Ty is the effective noise temperature at the input of the AUT when the noise diode

isonin K.

o T..5y is the effective noise temperature at the input of the AUT when the noise diode is
off in K.
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e T, is the noise temperature at the output port of the noise diode when the noise diode is
onin K.

e T, is the noise temperature at the output port of the noise diode when the noise diode is
off in K.

®  Tynys arr IS the physical temperature of the attenuator in K.

e G, 477 IS the available gain of the attenuator in W/W (<1).

e L,pr is the loss of the attenuator in W/W (>1)

o T, .4 IS the combined equivalent noise temperature of the AUT, the output TX line, the
pre-amplifier and the radiometer in K.

o  Theas hot 1S the measured noise temperature when the noise diode is on in K.

o  Theascola 1S the measured noise temperature when the noise diode is off in K.

In the case of equation (3.22), the Ty, .+ value will be dominated by the attenuated noise diode
hot noise temperature (T}). Equation (3.23) shows that the T, .rr will be dominated by the
physical temperature of the attenuator (Tjpys 477) With a small contribution from the unbiased

noise diode which is a thermal source at room temperature.

Equation (3.22) and (3.23) can be expanded further to include the input TX line contribution
[61]:

Th eff = (Th + Te TX line 1)Ga TX line lGa arr + Tphys ATT(1 - Ga ATT) (3.26)

Teerr = (Tc + Terxiine 1)Gatx tine 1Ga art + Tpnys arr (1 — Gg arr) (3.27)

Where:
e Ty is the effective noise temperature at the input of the AUT when the noise diode
isonin K.
o T, .5y is the effective noise temperature at the input of the AUT when the noise diode is
off in K.
e Ty, is the noise temperature at the output port of the noise diode when the noise diode is

onin K.
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T, is the noise temperature at the output port of the noise diode when the noise diode is
off in K.

T.1x 1ine 1 1S the equivalent noise temperature of TX line 1 in K.

Ga1x 1ine 1 1 the available gain of the input TX line in W/W (<1).

T

phys arr 1S the physical temperature of the attenuator in K.

G, 277 1S the available gain of the attenuator in W/W (<1).

The 2" stage contribution can be removed from T, using formula (3.10).

The benefits of the cold attenuator measurement method include the following [41][62]:

Measurement speed is quick due to no physical changing of the measurement system
required [41].
The uncertainty due to the mismatch between the AUT and the noise source is
drastically lowered by the isolation provided by the attenuator. This isolation also
lowers the error caused by the impedance change between the on and the off states of
the noise diode [41].
The uncertainty of the Gry Line 1 (1) is much less significant when cascaded with an
attenuator with a G; 47 = -20 dB [41].
This method is able to take advantage of the following existing features of a commercial
noise figure analyser:

o Issuing commands and reading from the analyser using a computer.

o Input loss compensation value and temperature.

o Output loss compensation value and temperature.

o Calibration to determine the noise contribution of the noise figure analyser.

o Uploading the noise source ENR values.

The disadvantages of the cold attenuator measurement method:

This method needs careful calibration of the noise source, the TX lines and the
attenuator.
Any uncertainty of the physical temperature of the attenuation element in the attenuator

(ATyhys arr) due to thermal gradient or poor thermal conductivity has a significant effect

on the uncertainty of the equivalent noise temperature of the AUT (AT, 4yr).
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3.9 The measurement uncertainty comparison

There are several factors that contribute to the amplifier under test noise temperature
measurement uncertainty (AT, 4yr) Of the classic Y-factor method and the cold attenuator
method [63]:

e The uncertainty of the ENR (AENR) of the noise source.

e The degree of the mismatch between the noise source and the AUT.

e The degree of the mismatch between the AUT and the radiometer.

e The equivalent noise temperature of the radiometer (T, z4p) used for the measurement.

e The available gain of the AUT (G, 4u7)-

This analysis will show that the measurement uncertainty of the equivalent noise temperature
of the AUT (AT, 4y7r) due to the uncertainty of the ENR (AENR) alone is sufficient to
recommend the cold attenuator method over the classic or corrected Y-factor measurement
methods. The peak-to-peak calibration uncertainty of 0.1 dB to 0.25 dB for the ENR is expected
from a commercial noise diode. The second stage contribution, the radiometer and the insertion
loss uncertainties are neglected for this analysis. In this work the symbol delta (A) is used to

denote uncertainty.

3.9.1  The measurement uncertainty of the classic Y-factor method

The equivalent noise temperature (T,) determined by the classic Y-factor measurement method

is given by equation (3.4) which is shown below for reference [43][64][65]:

T, — YT,

T, =
¢ Y—-1

(3.28)

The uncertainty contribution for each of the terms in equation (3.28) is determined by taking
the partial derivative for each term with respect to the equivalent noise temperature (7T,) and
then multiplying the resultant equation by the term’s uncertainty. This results in three separate
equations[64][65]:

aT,
aT,

AT},
ATh = y—7 (3.29)
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Ol (o _ _—AT:

aT.l= ¢~ 1-1/Y (3.30)
oT,| .~ T.—Ty
a7 |AY = mAY (3.31)

Where:
e ATy is the Ty, uncertainty resulting from the AENR in K.
e AT, is the T, uncertainty resulting from the noise source physical temperature
uncertainty in K.
e AY is the Y-factor uncertainty resulting from both A T;, and A T.. AY can be expressed
by adapting equation (3.2) to form the equation [64][65]:

T, + (Ty + AT})

ar= Te + (Tc - ATC) (3'32)

Assuming the uncertainties of the individual terms are uncorrelated, the root square sum (RSS)

method is used to calculate the worst case total uncertainty AT, shown in the equation [63][64]

|65].
( 67; ) <|6Jec

3.9.2  The measurement uncertainty of the cold attenuator method

AY)Z (3.33)

2 /0T,
ATc) + (|W

The cold attenuator measurement method uses an adapted form of equation 3.28. The T}, and

T, are replaced by Ty, . and T, ¢ resulting in the equation [43]:

Therr = YTcerr

Te = v —1 (3.34)

Equations (3.22) and (3.23) for T}, .¢f and T, . are shown for reference:
Therr = ThGaarr + Tpnys arr(1 — Gg arr) (3.35)
Teerr = TeGaarr + Tonys arr(1 — Gg arr) (3.36)
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The uncertainty contribution for each of the terms in equation (3.34) is determined by taking
the partial derivative for each term with respect to the T, and then multiplying the resultant

equation by the term’s uncertainty. This results in three separate equations [64][65]:

aTe _ ATheff

ar, | Aherr = v 21 (3.37)
dT, —AT; ¢55

or,| Meerr = Ty (3.38)
aT, Tceft — Th efr

Where:
o ATy .y isthe Ty, ¢ uncertainty resulting from the AENR in K.
o AT..ssis the T, ¢f uncertainty resulting from the noise source physical temperature
uncertainty in K.
e AY is the Y-factor uncertainty resulting from both AT} .rr and AT sr. AY can be
expressed by adapting equation (3.2) to form the equation [43]:

T+ (Theps + AThesr)
Te + (Tceff - ATceff)

(3.40)

Assuming the uncertainties of the individual terms are uncorrelated, the root square sum (RSS)

method is used to calculate the worst case total uncertainty AT, shown in the equation [63][64]

[65]:

2

aT,
AY) (3.41)

aTh eff

2 10T,
Teerr ) + (|a—y

2 oT,
ATh eff + —aTC o A
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The AENR effect on AT, for the classic Y-factor and the cold attenuator measurement methods

is represented on Figure 3.28. The following parameters were set for the calculation:

The ENR values used are 5 dB to 30 dB in 5 dB steps. The AENR set to 0.1 dB for all

ENR values.

An attenuator with a G, = -20 dB at a Typys arr = 15 K with a ATy, py5 arr = 0.5 K.

The noise diode ambient temperature (T,) = 290 K.
The T, 4yr =3 K.

12

10

Y-factor with AENR=0.1 dB
6 Cold attenuator with AENR=10.1 dB

AT, (K

0 5 10 15 20 25 30 35
Noise Source ENR (dB)

Figure 3.28. The effect of AENR on the cold attenuator method and classic Y-factor method.

3.10 Summary

Further consideration is not given to the classic and corrected Y-factor methods as the

uncertainty is unacceptably high. The VNA based noise-wave measurement method is excluded

as it requires access to a VNA with built-in noise receiver. The two most viable measurement

methods are compared in Table 3.2.
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Table 3.2. Comparison of viable measurement methods.

Method

Cold source

Cold attenuator

Uncertainty

Lowest uncertainty

Acceptable for
cryogenic LNA

NFA or radiometer

NFA or radiometer
Isothermal attenuator

tested

Equipment Isothermal attenuator VNA
Noise source .
Noise source
Slow Quick
Speed of Requires three cool- | After calibration only
measurement | down cycles per AUT | requires one cooldown

per AUT tested

Complexity of
measurement

Medium complexity

Low complexity

The cold attenuator method is selected as the preferred cryogenic LNA T, measurement

method. Comparable hardware is used for the cold source measurement method, thus cold

source measurements are not excluded in possible future testing.

Furthermore, Table 3.3 shows examples of the cold attenuator measurement method used by
multiple institutions specifically testing LNAs intended for radio astronomy use. The test

equipment used is similar to that available during this investigation.
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Table 3.3. Reported cold attenuator measurement by various institutions.

o f Gain | Tpnys| T AT, | G;4rr| EqQuipment
Source Institution
(GHz) | (dB) | (K) | (K) | (K) | (dB) used
. . National Sun
Liu and Weinreb
Yat-sen 35 N/A7 24 0.55 N/S8 -20 N8975A
(2017) [66] . .
University
Montazeri and
. University of
Bardin (2018) 2-4 28 16.5 3.34 N/S N/S N/S
Massachusetts
[67]
Russel and California
Weinreb (2012) Institute of 1-6 N/S 42 5-15 +1 -20 N/S
[68] Technology
. California 0.7-16 38 21 <10 N/S N/S N/S
Akgiray et al. .
Institute of 2-18 20-26 22 <10 +1 N/S N/S
(2013) [69]
Technology 640 26 20 <20 +2 N/S N/S
Cano and Artel University of 346C
. 6-18 30 18 8 +2 -20
(2009) [70] Cantabria N8975A
Fernandez (1998) Jet Propulsion HP 8970B
2-2.6 N/S 15 2-6.5 +1.34 -20
[41] Labs 346A
Jiang et al. (2018)
[71] NRC Herzberg | 0.9 -1.67 41.6 15 2 N/S N/S N/S
Weinreb, Bardin California
) ) N4002A
and Mani (2007) Institute of 1-3 28 15 2 +1 -20
N8975A
[72] Technology
Cano Wadefalk o
University of
and Gallego-Puyal ] 4-12 N/S N/S 7 1.7 -20 346CK01
Cantabria
(2010) [73]
Schleeh et al. Low Noise 0.05
0.35-1.05 50 300° 10 -20 N/S
(2016) [51] Factory dB®®
Centro 346 A, 346 C
Fernandez (2002) .
[74] Astronémico de 4-8 258 14 4 +1 -15 HP 8970 B
Yebes DC block

The comparisons in this chapter resulted in a high level of confidence in the preferred
measurement method. The next chapter expands on the selected method to show the

implementation of the proposed solution.

7 Liu and Weinreb (2017) was a filter measured using the cold attenuator method.
8 Not specified (N/S).
® This measurement was carried out on an AUT that operates at room temperature.

10 The uncertainty was given in dB.
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Chapter 4

Proposed solution and implementation

In the previous chapter, the cold attenuator measurement method was selected as the most
suitable option. In this chapter, the major system components are discussed, and the proposed

measurement solution is presented.

At the end of this chapter, the reader should have a good understanding of the measurement

hardware and steps.

The following system components are discussed:
e The cryogenic system

e Input and output transmission line

e Choice of broadband noise source

e The cold attenuator

e The cryogenic temperature sensor

e The radiometer

Finally, a summary of the major components and the measurement procedure is presented.

4.1 The cryogenic system

The LNA and attenuator need to operate at a physical temperature of 18 K. In the MeerKAT
receiver the cooling power is provided by the Oxford Cryosystems Coldstar 2/9. This is a two-
stage Gifford McMahon refrigeration cycle cryocooler. It can deliver 9 W of cooling power to
the 18 K cooler second stage and 9 W of cooling power to the 77 K cooler first stage. This is a
closed cycle cooling system with the helium compressor providing the high-pressure helium
supply and accepting the low-pressure helium return. The cryocooler system is shown in Figure
4.1 [75].
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( \ Radiation shield
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Cryocooler

Figure 4.1. The Oxford Cryosystems Coldstar 2/9 cold head attached to the K450 helium
COmpressor.

The two greatest heat loads on the cold head are the conduction and convection through the air.
By installing the cold head inside a vacuum cryostat and pumping the system down to a high
vacuum, the conduction and convection effects are mitigated. However, radiation heat transfer
becomes more efficient in a high vacuum. Radiation heat transfer is highly dependent on the
temperature difference between the two surfaces, thus a radiation shield thermally connected to

stage 1 of the cryocooler greatly reduces the thermal load on stage 2 of the cryocooler. [76]

Additional heat loads on the cold head are the thermal conduction of the input and output
transmission lines, the thermal conduction of the LNA bias harnesses, the radiation load and

the dissipation of the amplifier under test.

4.2 Input and output transmission line

The input and output transmission (TX) lines are the coaxial cables that carry the signals from
the noise diode to the attenuator and from the amplifier under test (AUT) to the noise figure
analyser (NFA). Shown in Figure 4.2, the TX lines have a temperature gradient of
approximately 280 K across each, with the cold side attached to a component on the 18 K cold

plate and the hot side attached to the vacuum cryostat outer wall at 300 K.
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Vacuum Cryostat

Radiation shield 77K

AT = 280 K 18 K AT =~ 280 K
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}] TX line TX line [{
Vacuum Vacuum
Feedthrough Feedthrough

Figure 4.2. The temperature gradient across the input and output TX lines.

The input and output transmission lines need to be able to survive repeated heating and cooling
cycles without performance degradation. The thermal conductivity of the cable should be low
enough to not cause excessive heat loading of stage 2 of the cryocooler, whilst also having low
insertion loss to radio frequency signals. The Times Microwave 0.090-inch outer diameter
coaxial cable with high purity silicone dioxide (Si02) dielectric addresses these issues. The
Si02 dielectric is unaffected by thermal cycling. The thermal conductivity is reduced by making
the outer shield stainless steel with a thinner outer copper conductor. The centre conductor is
copper. The cable is shown in Figure 4.3 with the welded hermetic N-type vacuum feedthrough

connector [77].

Hermetic N-type feedthrough R ' e
connector :
SMA connector | ‘ *% _

j

™ ;
o P72 R ——— N TR R L
2 - L D Y N
—— —~— !

Figure 4.3. The vacuum feedthrough connector [78].
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4.3 Choice of broadband noise source

The hot noise temperature (T},) and cold noise temperature (T,) are provided by a broadband
active noise source. Figure 4.4 highlights the location of the noise source. The cold attenuator

Is a type of passive noise source that is examined in the following section.

In this section, the excess noise ratio (ENR) is defined and the equation for determining it is

given. A method for determining the optimum value of ENR is shown,

Cryostat |
Th ry g:h eff Te i Tmeas n
TC Te ATT cers | Tmeas c
Noise | Terx tine 1 Cold | | Te7x line 2 | _
IG attenuator | AUT { Radiometer
source aTXlinel T T e
Gg arr | |
G
1 2 | Yadur 13 4
1

Figure 4.4. The cold attenuator measurement method with the noise source highlighted.

4.3.1 Excess noise ratio of an active noise source

Using a noise source based on an active device such as a diode, transistor, or tube has the benefit
that it is able to generate two different noise temperatures. The most popular active noise source
shown in Figure 4.5 uses a purpose-built diode producing T, when reverse biased into
avalanche breakdown. Shown in Figure 4.6 is the thermal noise T, produced by the attenuator
when the diode is unbiased. A disadvantage is that the active device characteristics drift over
time hence the noise source requires regular calibration. An advantage of this type of source is

that no external radio frequency switches are needed to switch between T, and T, [5][21].

Noise source

Attenuator

Noise DC block
+28 VDC Bias circuit —— generator )E —| é

circuit

Figure 4.5. The noise source has been switched on and the diode-based noise generation
circuit produces a noise temperature of T}, at the output terminal [27].
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Noise source

Attenuator

Equivalent DC block
0VDC — Bias circuit passive |

termination =

Figure 4.6. The noise source has been switched off and the noise generation circuit has been
replaced with an equivalent passive termination producing a noise temperature of T, at the
output terminal [27].

T}, is the noise temperature available at the output port when the active device is biased in the
avalanche breakdown region. T;, is much greater than the thermal noise and may be represented
by the excess noise ratio (ENR), which is defined as the difference between the noise generated
by the source biased in avalanche breakdown and the noise generated by a passive termination

at physical temperature T,.. The ENR of a noise source is given by the equations [21]:

_ Th —T¢
ENR = 10log T (4.1)
c

ENR
T, = T, (1 + 10710 ) (4.2)

Where:

e ENR is the excess noise ratio of the noise source in dB.

e T, is the noise temperature at the output port when the source is biased in avalanche
breakdown in K.

e T, is the noise temperature at the output port when the source is unbiased and represented

as a thermal source in K.

Assuming a T, of 295 K, the T;, for a 5.5 dB ENR noise source is approximately 1341 K and
the T}, for a 15 dB ENR noise source is approximately 9623 K.

In the measurement steps, the case temperature of the noise source is measured using a
thermocouple and this value is used as T,. Table 4.1 shows the specifications of the two noise

sources that were available during the measurement.
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4.3.2

Table 4.1. Noise sources available during measurements.

Model Uncertainty at 1 GHz ENR at 1 GHz
N4000A 0.091 dB 5.559 dB
346 B 0.2dB 14.99 dB

Choosing the optimum ENR value and attenuator value

Cano, Wadefalk and Gallego-Puyol (2010) suggest that the measurement uncertainty due to

fluctuations in the power measured by a radiometer can be determined by the equation [73]:

Where:

2 . (Th eff + Te AUT)(Tceff + Te AUT)

ATe qur = (4.3)
BW:- T (Tnerr = Teerr)

Thefr = Tn* Gaarr + Tonys arr(1 — Gg arr) (4.4)

Teerr = Te* Gaarr + Tpnys arr(1 — Gg arr) (4.5)

AT, 4y7 1S the uncertainty of the equivalent noise temperature of the amplifier under test
in this case only due to random fluctuations in the radiometer measured power in K.
BW is the bandwidth of the pre-detection filter in Hz. This is the resolution bandwidth
when using a noise figure analyser or a spectrum analyser.

7 is the integration time per sample in s.

T efy is the effective noise temperature at the input of the AUT when the noise diode
isonin K.

T, ¢ Is the effective noise temperature at the input of the AUT when the noise diode is
off in K.

T,, is the noise temperature at the output port of the noise diode when the noise diode is
onin K.

T, is the noise temperature at the output port of the noise diode when the noise diode is
off in K.

Tynys arr is the physical temperature of the attenuator in K.
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o G, 477 1S the available gain of the attenuator in W/W (<1).

In the noise figure analyser, the number of sweep points determines how many samples of data
are collected across the frequency band of interest. Each sweep point requires a certain amount
of integration time for the measurement to settle before taking a measurement. The sweep time
is the time taken to complete a measurement at all sweep points in the set band of interest. The
integration time per sample can be calculated by dividing the sweep time by the number of
points according to the equation [73]:

sweep time

T= = 2 = 0.09s. (4.6)

~ number of sweep points T 128

Shown in Figure 4.7 are plots showing the attenuation of the attenuator versus the equivalent
noise temperature uncertainty (AT,) for two different ENR values. The orange plot is for the
5.5 dB ENR noise source and the blue plot is for the 15 dB ENR noise source. The values were
determined for each datapoint using equation (4.3), with the following values used in the
calculation:

o T.=295K,

o Teaur = 2K,

* Tpnysarr = 18K,

e Resolution bandwidth (RBW) =4 MHz.
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Figure 4.7. Attenuation of the attenuator versus equivalent noise temperature uncertainty for
two different ENR value noise sources.

It can be seen from Figure 4.7 that the optimum attenuator insertion loss for the 15 dB ENR
noise source is 20 dB. The optimum attenuator insertion loss for the 5.5 dB ENR noise source
is between 15 dB. It can also be seen that the higher ENR noise source is preferable as it results

in the lowest uncertainty.

4.3.3 Noise diode reflection coefficient

One other factor to consider when selecting the noise source is the return loss and the change

in reflection coefficient between the on and the off state.

Figure 4.8 shows the measured reflection coefficient across the band for the 346B noise source.
The effect of the difference between the on and off values is shown in determination of G, ¢
in section 5.1.3. Figure 4.9 shows that the measured |S;, | across the band for the N40O0OOA noise

source is greater than 35 dB.
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Figure 4.8. The 346B noise source measured |S;,| values.
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Figure 4.9. The N400OA noise source measured |S;;| values.

The effect of the change of reflection coefficient in the 346B between the on and off state can
be seen in the slightly different values for available gain of the feed cable and attenuator
between the on and off state of the noise source as shown in the plot Figure 5.8. This effect is
insignificant for the N40OOOA. Selecting the 346B in this instance adds slightly to calculation
complexity in compensating for the slight difference in available gain in the on and off states.
This error is offset by using available gain in the calculation. The 346B is selected due to the
lower uncertainty when using the 20 dB attenuator as shown in the plots in Figure 4.7. The

uncertainty added by a lower ENR noise source cannot be offset through calculation.
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4.4 Cold attenuator

The most basic noise source is a passive termination (PT) held at a stable physical temperature
other than room temperature. This passive termination produces broadband noise that is equal
to kTBW. This type of noise source is known as a thermal noise source. Figure 4.10 shows a
commercial thermal noise source that consists of a passive termination cooled using liquid
nitrogen (LN,). Figure 4.11 shows a simplified block diagram representation of a thermal noise
source [21][22][79].

Figure 4.10. Model MT7025J99 cryogenic noise termination and controller [79].

quid nitrogen Dewar (77K) 300 K

Li
- — — — — — — 7

|<—O utptjt TX Lin e—ﬂ
|

|

Figure 4.11. Simplified block diagram of an LN, thermal noise standard.

The benefit of a thermal noise source is that the accuracy of the noise generated by the passive
termination can be determined to a high level of accuracy if the physical temperature is known.
The disadvantage is that the output transmission line transitions from the cold temperature to
ambient temperature. An intricate calculation of the transmission line insertion loss and noise
temperature is required to add to the passive termination to produce the final noise temperature
at the output port [22].

71



4.4.1 The cold attenuator as a thermal noise source

The cold attenuator method uses the attenuator as a thermal noise source coupled directly to the
AUT. Referring to Figure 4.12, both the attenuator and the AUT are at the same physical
temperature and the compensation for the output transmission line is not an issue. The accuracy
of the noise source effective temperature calculation is determined by the accuracy of the
measurement of the physical temperature of the attenuation element in the attenuator. The
complexity with this measurement is in thermally isolating the centre conductor of the coaxial
transmission line from the attenuation element within the attenuator. A higher temperature
centre conductor may raise the physical temperature of the attenuation element in the attenuator
resulting in the physical temperature measured on the case being different to the physical

temperature of the attenuation element.

Cryostat |
Th Y T :Il:h eff T, aur Tmeasn
TC eATT __ceff | Tmeas c
T, ,
Noise eTXlinel Cold | | Te TX line 2 .
source ~ — | | AUT { Radiometer
Garxiine1 |Qattenuator I Gatx line 2
Ga ATT |
1 2 | Gg aut | 3 4
1 n

Figure 4.12. The cold attenuator measurement method with the attenuator highlighted [41].

Figure 4.13 shows the attenuator used by Akgiray et al. (2013) as an example. There is a coaxial
in-line style attenuators that has been clamped into machined copper blocks that contact the
attenuator body on all sides to give good thermal conductivity. The temperature sensor is

attached as close as possible to the attenuator [68][69].
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Figure 4.13. The attenuator used in Akgiray et al. (2013) [69].

4.4.2  The Quantum Microwave QMC-CRYOATT-20

Cano, Wadefalk and Gallego-Puyol (2010) designed and built a chip attenuator for the Yebes
Observatory!! using crystal quartz substrate for maximum thermal conductivity [73]. The
Quantum Microwave thermalized cryogenic attenuator QMC-CRYOATT-20 is an off-the-shelf
cryogenic attenuator that is designed with the same goal of maximum thermal conductivity.
The substrate is crystal quartz, and this is bonded using silver epoxy to a machined gold-plated
copper enclosure. The attenuator is shown in Figure 4.14 [80].

Gy

Figure 4.14. The Quantum Microwave cryogenic attenuator QMC-CRYOATT-20 [80].

A custom-milled copper block as used by Akgiray et al. (2013) as shown in Figure 4.13 is not
required to fit around the attenuator as the QMC-CRYOATT-20 as shown in Figure 4.14 is able
to be fastened directly to the cold plate. Additionally, the temperature sensor is able to be fixed

directly to the attenuator case.

11 Yebes Observatory or Centro Astrondmico de Yebes (CAY) is an astronomical observatory located at Yebes,

Castilla-La Mancha, Spain.
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4.5 Cryogenic temperature sensor

The physical temperature of the cold attenuator needs to be known to a high degree of accuracy.
Figure 4.15 and Figure 4.16 show two examples of the DT-670-CU temperature sensors from

Lakeshore Cryotronics [62].

DT-670 CU

DT-670 CU

Figure 4.16. The DT-670-CU temperature sensors used in the MeerKAT receiver.

The DT-670B1-CU and DT-670-CU-1.4L are cryogenic temperature sensors manufactured by
Lakeshore Cryotronics. The package for both sensors is the same and is shown in Figure 4.17.
The sensor is mounted using a standard M3 fastener. The leads are 36 American wire gauge
(AWG) phosphor bronze to minimise thermal loading. The leads are wound around and epoxied
to the gold-plated copper bobbin that forms the outer package. This bobbin thermally anchors

the leads and prevents them from influencing the temperature reading [81][82].

Figure 4.17. Lakeshore Cryotronics DT-670-CU silicon diode temperature sensor [82].
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The DT-670B1-CU is the uncalibrated version of the sensor. It follows a standard curve with a
tolerance of £ 0.5 K at a physical temperature of 18 K. This makes it suitable for general

temperature sensing and control of the cold plate temperature controller.

The DT-670-CU-1.4L is calibrated between the physical temperatures 1.4 K to 325 K. This
sensor is double the cost of the uncalibrated sensor. It has a calibrated accuracy of £ 0.012 K at

18 K and is used exclusively to measure the physical temperature of the cold attenuator [82].

The physical temperature of the attenuator (T4, s arr) Needs to be known to calculate both the
effective hot and cold temperatures (T, s and T . ) presented to the AUT. The plot in Figure

4.18 is generated using the equation (3.38), reproduced below:

aT,
aT,

—AT, oy
Aleers = T-1)y 4.7)

A cascaded calculation was set up to determine the resultant Y-factor value based on the worst
case variation of the physical temperature of the attenuator due to the sensor uncertainty. This
is shown in Appendix C - .. This Y-factor value was used with the uncertainty of the temperature
sensor being directly responsible for the uncertainty of the effective cold temperature (AT, ¢ff).
The orange trace in Figure 4.18 is generated using the uncertainty of the uncalibrated
temperature sensor and hence AT, .rr = 1 K peak to peak. The grey trace in Figure 4.18 is
generated using the uncertainty of the calibrated temperature sensor and hence AT, ¢ = 0.025

K peak to peak.
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Figure 4.18. The effect of the physical temperature uncertainty of the cold attenuator
(ATphys arr) for different noise diode ENR values.

Figure 4.18 is a plot of the uncertainty resulting in the final T, 4, measurement due to the
uncertainty of the calibrated and uncalibrated temperature sensors only. This shows the benefit
of using the calibrated DT-670-CU-1.4L for the temperature measurement on the cryogenic

attenuator.

4.6 Radiometer

As mentioned in section 2.2.3, a radiometer is a sensitive receiver designed to measure the
noise power of radio and microwave radiation. In the cold attenuator measurement system it is

responsible for measuring the noise power used for the Y-factor calculation.

Cano and Artel (2009) and Akgiray et al. (2013) both demonstrated the use of the Keysight
N8975A noise figure analyser for cold attenuator noise temperature measurements [69][70].

The N8975A noise figure analyser was selected as the primary radiometer based on equipment
utilized by labs in the literature as summarised in Table 3.3. The FSU 26 spectrum analyser was

used as a secondary radiometer for verification.
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4.6.1 Linearity

The values of T;, = 9623 K for a 15 dB ENR noise source were calculated using equation (2.9)

and assuming T, = 295 K. For a detailed calculation, refer to Appendix B.

15dB ENR

Noise
source

Cryostat

Cold
I

attenuator

GaATT = _20 dB

AUT

Proas n= -66.8 dBM

GaAUT -l_— 46 dB

Radiometer

Figure 4.19. The cold attenuator measurement method with the radiometer highlighted
showing the calculated P, using Appendix B [41].

Figure 4.19 shows the measurement system with approximately 26 dB total gain. Using a 15

dB ENR noise source results in a calculated final input power to the radiometer of -66 dBm.

This is well within the -30 dBm that is recommended as the maximum power at 0 dB

attenuation.

4.6.2  Radiometer input matching

An input attenuation of 20 dB selected on the noise figure analyser gives an input reflection

coefficient of greater than 20 dB across the entire band as shown in Figure 4.20. This decreases

the uncertainty caused by the mismatch between the AUT and the input to the noise figure

analyser.

Noise Figure Analyser |S11|
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T T
—— NFA 10dB attenuation
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Figure 4.20. The measured |S, | for the N8975A noise figure analyser
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Figure 4.21. The measured |S, | of the FSU 26 spectrum analyser

The plot in Figure 4.21 shows the reflection coefficient for three attenuation levels of the FSU

26 spectrum analyser for comparison.

The noise figure analyser is to be used at 20 dB or more input attenuation and the spectrum
analyser is to be used at 5 dB or more input attenuation to achieve greater than 20 dB return

loss.

4.7 Conclusion

4.7.1  Major components

For the input and output transmission lines, the existing silicon dioxide (SiO2) cable was
available and was used. Figure 4.22 shows the two UT-085 semi rigid cable lengths that were

built to bypass the existing second amplification stage.

N
v &

Figure 4.22. The UT-085 jumper cables.
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The Keysight 346B noise source was used and the Keysight N400OA noise source was used for
secondary measurement. A thermocouple measures the noise source case temperature. The
Quantum Microwave QMC-CRYOATT-20 thermalised cryogenic attenuator is used as the cold
attenuator. The attenuation value was selected as 20 dB to be compatible with both noise
sources. The Lakeshore DT-670-CU silicon diode cryogenic temperature sensor is used to
measure the attenuator temperature. The Keysight N8975A noise figure analyser and a Rohde
and Schwarz FSU 26 spectrum analyser are used as the radiometers. The data is captured and

processed via a Python script.

This chapter has discussed the major components of the measurement system. Figure 4.23

shows a block diagram representation of this system.

Keysight N40OOA Noise Source Cryostat Keysight N8975A

== QMC-CRYOATT-20
g — @ — S

DT-670-CU-1.4L

Thermocouple

Laptop

ATT temp Measured
ND Python script OWer VNA
tem v P Measured S-
arameters

Data

Figure 4.23. The cold attenuator measurement block diagram.

4.7.2  Measurement procedure overview

The measurement procedure is outlined here. The main purpose of steps one, two and three are

to measure the values needed to solve the equations:
Th eff = (Th + Te TX line 1)Ga TX line 1Ga arr t Tphys ATT(1 - Ga ATT) (4.8)

Tc eff = (Tc + Te TX line 1)Ga TX line 1Ga arr t Tphys ATT(1 - Ga ATT) (4.9)
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Step 1: The gain and noise temperature of the preamp and radiometer are measured using a
standard Y-factor measurement and a vector network analyser. The |S11| values are measured

between all components.

Step 2: The transmission lines are connected via a short jumper cable as per Figure 4.24 and
the system is cooled to operating temperature. The insertion gain of the cascade
(Girx 1ine 1GiTx 1ine 2) 1S Measurement using the VNA and the noise figure analyser. G; rx jine 1

is estimated by calculating the square root of the cascaded measurement.

Cryostat |
. | Short |
jumper
Port 1 ' Jumpe { Port 2
|
|

J
Gi TX line 1 | Gi TX line 2

Figure 4.24. Measurement of G; 1 jine 1Gi 7x 1ine 2 USINg @ VNA [41].

The equivalent noise temperature of transmission line 1 (T, 7x ;ine 1) 1S €Stimated by equations:

_ Tamb+Tcold
Tphys TX linel — T (4.10)
1
Terx line1 = Tphys TX line 1 (G_ - 1) (4.11)
a

Step 3: The attenuator is installed in-line as shown in Figure 4.25 and the system is cooled to
operating temperature. The VNA measurement is carried out to measure the S-parameters of
the cascaded network. The value for insertion gain of the attenuator (G; 477) is calculated based

on the previous results.

Cryostat | Short |
| —— | jumper_|
Port1 | —] I Port 2
I |
Gi TX line 1 attenuator Gi TX line 2
Giarr | |

Figure 4.25. The S-parameter measurement of the TX lines and attenuator [41].
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Step 4: The amplifier under test (AUT) is fitted as per Figure 4.26. In this last step, the Ty,eqs not
and Teas cora @re measured and used to find the Y-factor value. The temperature sensor

attached to the cold attenuator is recorded and used as the Typys 4rr. The temperature sensor

attached to the noise source is recorded and used to calculate the T;, value for this measurement.

Cryostat |
Th v Th eff i Tmeas h
Tc Te ATT ceff eAUT | Tmeas c
Noise Terx tine 1 Cold | | Terx tine 2
] Ol I .
source G . attenuator || AUT | Radiometer
aTXline1l T Ga TX line 2
Ga ATT |
a AUT
1 2 | | 4
1

Figure 4.26. The cold attenuator measurement with the AUT and all elements connected.

Equations 4.12 and 4.13 can be used to calculate the cascaded equivalent noise temperature
(Te cas):

Therr = YTcery

Te cas = Y —1 (4.12)
Y = Tmeas hot
Tmeas cold (4' 13)

Once T, .4 is calculated, equation 4.14 is used to remove the second stage effect of

transmission line 2, test cable and the radiometer to determine T, 47

Te 2nd stage

Te aur = Te cas — (4.14)

GaAUT

The next chapter details how the practical measurements were carried out, the issues
encountered, the improvements to the test method and the results obtained from the

measurements.
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Chapter 5

Measurement and results

To test the concepts discussed in Chapter 4, the testing was separated into three measurement

campaigns:

Measurement campaign 1 was carried out in the lab in the SARAO office located at
Black River Park using liquid nitrogen as the cryogen to cool the attenuator to 77 K.
This allowed a demonstration test method to understand any issues with the setup before

continuing to the next phase.

Measurement campaign 2 was carried out in Carnarvon at the Klerefontein receiver
support base using a MeerKAT UHF-band receiver as the test cryostat. This was the
first measurement carried out with the attenuator cooled to 18 K using the helium cooler.
The goal of this measurement was to carry out the test, process the results and compare
them with the supplier test. The main issue identified was the accurate determination of

temperature of the attenuation element inside the attenuator.

A thermal study was carried out to gain a deeper understanding of the heat distribution
around the components on the cold plates. An improved configuration was implemented
that anchored the transmission cable to the cold plate before connection to the

attenuator.

Measurement campaign 3 was also carried out in Carnarvon at the Klerefontein
receiver support base using a MeerKAT UHF-band receiver as the test cryostat. This
was the second measurement carried out with the attenuator cooled to 18 K. The goal
of this measurement was to implement improvements to reduce the thermal gradient
across the attenuator to measure the physical temperature of the resistive element

internal to the attenuator more accurately.
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For the testing using the MeerKAT UHF-band receiver, a cooldown cycle of six hours and a
warmup cycle of six hours was required per measurement. This means that only one

measurement was able to be carried out per day.

5.1 Measurement campaign 1: Liquid nitrogen testing

5.1.1 Introduction

In order to prove the cold attenuator measurement method, a test was done in the lab using
liquid nitrogen (LN,) as the cryogen to cool the attenuator to 77 K. Figure 5.1 and Figure 5.2
illustrate the measurement setup. In this configuration, the amplifier under test (AUT) is an
ambient temperature amplifier and is located outside the cryogen. Consequently, both
transmission lines need to be characterised and the T, 1 ;ine » Will add significantly to the noise
generated by the cold attenuator. This differs significantly from the final test configuration

where the attenuator is directly connected to the AUT.

Liquid nitrogen flask |
T q s Th eff T Tmeash
h T e AUT | T
Tc Te ATT ceff meas c
o Te TX line 1 Bl eTX line 2
oise ol .
source G ] attenuator | ! U | Radiometer
aTXlinel Ta TX line 2
Gaarr | G |
| a AUT |
[} '

Figure 5.1. The LN, cold attenuator measurement block diagram.

Keysight 346B Noise Source Liquid Nitrogen Flask Rohde and Schwarz FSU26

QMC-CRYOATT-20
— e -»x

Laptop

Measured
ND
) ower
tem Python script Measured 5. |« VNA

arameters

Data

Figure 5.2. The cold attenuator measurement LN, block diagram.
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The main purpose of the first few steps are to measure the values required to solve the equations
(5.1) and (5.2) :
Ty eff = [(Th *+ Terx tine1)Garx tine 1Ga arr + (Tphys art(1 — Gg ar7)

(5.1)
+ Te TX line 2)]Ga TX line 2

Tc eff — [(Tc + Te TX line 1)Ga TX line 1Ga art t (Tphys ATT(]- - Ga ATT)
(5.2)
+ Te TX line 2)]Ga TX line 2

512 Finding T, and T,

The measured ENR of both noise sources is specified at discreet frequency points from the
manufacturer. In order to generate an array of ENR values over the band of interest for use in
the noise calculations, an interpolation*? was carried out as shown in Figure 5.3 and Figure 5.4.
In both plots:

e The blue trace is the ENR values provided by the manufacturer.

e The red bars show the uncertainty specified by the manufacturer.

e The orange trace is the resultant interpolated array used in the calculations.

346B ENR

T T
Interpolated ENR

15.4 @ ENR from table 1

\ 1 Manufacturer ENR Uncertainty
15.2
L \
o \
14.8 \

ENR(dB)

14.6

14.4

0 1 2 3 4 5
Frequency (GHz)

Figure 5.3. The ENR interpolation for the 346B noise source.

12 Refer to Appendix E - Interpolation script for noise diode ENR values. A 10™ order polynomial fit was used to

generate the array.
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N4000A ENR

T
Interpolated ENR
® ENR from table
5.9 1~ Manufacturer ENR Uncertainty |

5.8

NI B N

5.5

ENR(dB)

5.4

0 1 2 3 4 5
Frequency (GHz)

Figure 5.4. The ENR interpolation for the N400OOA noise source.

The value for T, is recorded using a multimeter and thermocouple that was manually recorded
by the author during the test. The method was automated by reading the temperature via the
serial port in measurement campaign 3. Once T, is known, then T}, can be calculated using the
ENR table and equation (4.2) to result in the plot shown in Figure 5.5. This is used to calculate

Thepr and T, .5 delivered to the amplifier under test.

Th

10400 - — Th
uncertainty

10200 A
10000 A

o500 -\

9600 -

Th (K)

9400 -

9200 1

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Frequency (GHz)

Figure 5.5. Plotted T}, values showing the uncertainty due to the noise source calibration
uncertainty.
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513 Finding G, 4771

The attenuator was tested using liquid nitrogen (LN,) to determine the change in attenuation
from 300 K to 77 K. It is not possible to measure the attenuator directly when it is cooled, thus

the measurement shown in Figure 5.6 was carried out using the following measurement steps:

Step 1: The VNA measurement of the attenuator and transmission (TX) lines was carried out

at an ambient temperature of 300 K.

Step 2: The transmission lines were connected and submerged in the LN, and the VNA

measurement of the |S,1 7x 1ine 1/dB + |S21 7x 1ine 2| dB Was taken.

Step 3: The attenuator was inserted between the TX lines and then submerged in the liquid

nitrogen and the measurement |S21 7x ine 11dB + |S21 arr|dB + |S21 rx 1ine 2|/ dB Was taken.

Step 4: The attenuator loss was calculated by de-embedding the attenuator |S,, | value from the

cascade. The result is plotted on Figure 5.7.

Figure 5.6. The TX lines and attenuator measured at a physical temperature of 77K. The
attenuator is circled.
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|S211 (dB)

-19.6

v IR e e N

______________________________ T—— —— =
-198 44— eemeeaamones B Ee— W
—20.0
-20.2 MMM%W

|S21 7x tine 11dB + [S21 arr|dB + |S21 tx line 2|1dB at 77 K
T | | |
0.4 0?6 0?8 1i0 1?2 1.4 1.6
Frequency (GHz)

G, (dB)

VNA measurements on the 20 dB attenuator

—19.800

of the attenuator is calculated and shown in Figure 5.8.

G, of attenuator

1.8

Figure 5.7. The |S,,|dB of the attenuator measured directly at ambient temperature and de-
embedded at a physical temperature of 77 K. The measurement accuracy of 0.1 dB is shown.

Based on these results, the |S,; 4rr|dB of the attenuator is assumed to be invariant with physical
temperature between 300 K and 77 K.

Based on the noise source S;; measurements Figure 4.8 and Figure 4.9, the available gain (G,)

—19.775

—19.750

ﬁ

T
—— G, ATT 346

[ GaAﬁ%off)

on

—19.725

/

-

L/

—19.700

—19.675

WA Z

—19.650

—19.625

—19.600

0.4

0.6

0.8

1.0

1.2

Frequency (GHz)

1.4

1.6

Figure 5.8. G, 4rr for different noise diodes states.

1.8
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514  Finding G;7x jine1 and Terx jine1

Note that for this section, the G;xine1 1S €qual to the magnitude of the S-parameter power

ratio measured across the transmission line |S,; | and these terms are used interchangeably. The

transmission lines are connected back-to-back, and the cold side was submerged in the LN, as

shown in Figure 5.9 and Figure 5.10. G;rxiine1GiTx1ine2 1S Measured using the VNA.

G, tx 1ine 1 1S €Stimated by taking the square root \/Gi 7x line 1Gi TX line 2-

LN2 Flask

Port 1

]

Gi TX line 1

I

Gi TX line 2

—
|

Port 2

Figure 5.9. Measurement of G; rx 1ine 1Gi Tx tine 2 USing a VNA.

Figure 5.10. The transmission lines and attenuator measured at 77 K.
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0.0 |S21] input and output tx lines

T T
—— both tx lines LN,
both tx lines ambient

-0.2

-0.4

[S21] (dB)

-0.6

-0.8

-1.0
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.11. The |S,;| of both the transmission lines measured directly at ambient temperature
and at a physical temperature of 77K.

Figure 5.11 shows the |S,,| values of both transmission lines measured directly using the VNA

with the transmission lines at ambient and cooled using the LN,. Referring to Figure 5.12, the

G rx 1ine 1 1S €stimated by calculating \/Gl-TX tine 1GiTx 1ine 2- This value is reasonable when

compared to a VNA measurement of a single transmission line at ambient temperature.

0.0 |S21] calculated for single tx line

T T
—— single tx line LN,
single tx line ambient

-0.1

-0.2

|S21] (dB)

-0.3

-0.4

-0.5
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.12. Estimated cooled G; rx ;ine 1 (blue trace) compared to the measured ambient
|S,1]| (orange trace).

5.15 Determining T, 7x tine 1

Once the value for G; 1y 1ine 1 1S determined, the physical temperature can be used to estimate

the noise temperature.
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T. rx 1ine 1 CaN be estimated by a variation of equation (3.21):

_ _ Tamb+Tcold
Tphys TXlinel — Tphys TXline2 — 2 (53)

In this case, Tymp = 300 K and Tgpq = 77 Kand the Typysrxiiner = 188.5K

The equivalent noise temperature of the transmission line can be found by adapting equation

(2.7) to form the following:

1
Te rx tine1 = Tpnys T tine 1 (m - 1) (5.4)
iTX Line

This calculation was performed using the G;rx Line 1 Plotted in Figure 5.12 and the result is
plotted in Figure 5.13.

Te single transmission line
50

—— Te single tx line estimated
RFI

401

30

Te (K)

20 A

101 M
A . oo

" g

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.13. Equivalent noise temperature of the transmission line (T, 7x 1ine 1)- NOte the
RFI1%3 masked using the purple block.

5.1.6  Determining T, ., from a Y-factor radiometer measurement

The values for Ty, s and T, s Were calculated according to the equations (5.1) and (5.2). The

resultant arrays are plotted in Figure 5.14.

13 The RFI that is present is due to the 900 MHz GSM band that is present and unavoidable in the lab at Black
River Park. Although it is possible to perform the measurement in a RFI shielded environment, the additional

effort is not justified as the measurement results are still adequate.
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Effective noise temperature presented to the AUT (K)

— Therr
180A—»~*—s«‘~_‘_-~——«—*—~.~_*~_~*-¢_—»__‘-_~—n—___.__—_
Teerr |

1601

1401

1201

1001

Effective noise temperature presented to the AUT (K)

801
T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2
Frequency (GHz)

Figure 5.14. Ty, . and T, . presented to the AUT.

The Y-factor measurement is carried out with the AUT connected as per Figure 5.15. The
measured Y-factor is plotted in Figure 5.16.

T Liquid nitrogen flask Thess | Tmeasn
h T Tc eff eAUT | Tmeasc
T, T e ATT
T eTX line 1 Bl eTX line 2 | Radiometer
source G attenuator I| AUT > _| mCIUdm.g pre-
aTXline1l amplifier
Ggarr GaTXline2 | |
| Ga aut |
[} '

Figure 5.15. The LN, cold attenuator measurement block diagram.

Y-Factor
1.50

1.45-W MWWWM

1.40 A

1.35 1

1.30 A1

Y-factor (linear)

1.25 A
1.20 A

1.15 4 — Y-factor
RFI

1.10

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.16. Measured Y -factor.
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250

—— Tcas cold attenuator method

225 4 RFI

200 1

175 A

<
150
125 1

75 A

50

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.17. Measured cascaded equivalent noise temperature.

The Y-factor is used to calculate the cascaded noise temperature T,,s, Shown on Figure 5.17.
The noise contribution of the pre-amplifier and spectrum analyser need to be removed to

determine the noise temperature of the amplifier under test (T, 4y7).

5.1.7  Second stage effect removal

Equation 5.5 is used to remove the second stage effect and determine T, 4yr.

_ Te 2nd stage
Te AUT — Te cas —

Ga aut (5.5)

5.1.8 Gain of the AUT (Ga AUT)

The vector network analyser was used to measure the S-parameters of the AUT. Figure 5.18
shows the results of the insertion gain (G;), calculated from the |S,;|? and the available gain,
calculated using the S-parameters for the AUT and the measured output S,, of the transmission

line, attenuator and transmission line.
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2 Measured gain ZX60_83LN

244

234

Bilinane SUNSNPINY
ZZA///,/ﬁlﬂﬂnwvwﬂw—v

214

Gain (dB)

20

T T T T T T
0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
Frequency (GHz)

Figure 5.18. The measured insertion gain (G;) and available gain (G,) of the AUT.

5.1.9  Equivalent noise temperature of the second stage network

The equivalent noise temperature of the second stage network is determined using a standard
Y-factor measurement. Figure 5.19 shows a block diagram of this measurement and Figure 5.20

shows the resultant equivalent noise temperature.

Tmeas h
Ty T
T, meas ¢
3468 | Fsu26
Noise source Pre-amplifier Spectrum analyser

Figure 5.19. The second stage equivalent noise temperature measurement block diagram.

Te 2nd stage network
3000

RFI

2800 - v
2600 -

2400 A
2200 A
2000 -

1600

Equivalent noise temperature (K)

-
©
o
S)

T T T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.20. The measured equivalent noise temperature of the second stage network.
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5.1.10 Measurement campaign 1 results, conclusions and suggestions

The final result is shown in Figure 5.21. It shows the measured cascaded equivalent noise

temperature and the de-embedded amplifier under test equivalent noise temperature.

Te for ZX60_83LN
200

— Tecas
Te aut

1801 RFI
4
o 1601
2
o
8 1401
£
i)
41201
[<}
€
9 100
©
>
3
o
o 804

60 1

. . . . . .
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Frequency (GHz)

Figure 5.21. Measured cascaded noise temperature and de-embedded equivalent noise

temperature.

To give context to the measured values, a standard Y-factor measurement was carried out and

the noise figure was extracted from the datasheet. These are compared in Figure 5.22 and show
good agreement.

Noise figure for ZX60_83LN

2.0

—— Noise Figure from datasheet

—— Noise Figure from cold attenuator measurement
Noise figure from Y-factor measurement
RFI

Noise figure (dB)

1.0 T T T T T T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 18

Frequency (GHz)

Figure 5.22. Noise figure measured from the cold attenuator method compared to the standard

Y -factor method and the data extracted from the datasheet.

The largest potential source of experimental error was determining the noise contribution of the

output transmission line. This does not present an issue with measurement campaign 2 and 3 as
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the attenuator is the same temperature as the AUT and the output transmission line from the
attenuator to the AUT is kept very short to minimise insertion loss.

The second largest source of experimental error is the accurate determination of the physical
temperature or the attenuator attenuation element. The cryogenic temperature sensors were not
available for this testing so it was assumed that the attenuator case and attenuation element

inside were cooled to 77.355 K with no temperature gradient.

The third largest source of experimental error is controlling the level of the LN, in the Dewar.
The variation results in the length of the transmission cables submerged in the liquid changing
as the level of the LN, changes.

During this testing the method for interpolation of the T}, value for the noise diode was created,
the attenuation of the attenuator was declared to be essentially invariant when cooled to 77 K,

and the noise sources and radiometers were characterised on the network analyser.

The cold attenuator method was successfully completed and measurement campaign 2 was
planned to proceed.
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5.2 Measurement campaign 2: Cryostat with helium

refrigerant cryocooler

5.2.1 Introduction

The planning of this measurement campaign presented two main challenges. Firstly, each
measurement required a cooldown cycle and warmup cycle. The cryostat cold head requires six
hours to cool down and six hours to warm up to room temperature. This meant that only one

measurement was able to be completed per day. Additionally, one of the days was lost due to

equipment malfunction.

The measurement procedure is outlined here with the measurement block diagram presented in

Figure 5.23. The main purpose of steps one, two and three are to measure the values required

to solve the equations :

Therr = (Th + Terx tine1)Gatx tine 1Ga arr + Tpnys arr(1 — Gg arr) (5.6)

Teerr = (Te + Terxtine1)Gatx tine 1Ga arr + Tpnys arr(1 — Gg arr) (5.7)

Keysight 346B Noise Source

Thermocouple

Cryostat
QMC-CRYOATT-20

— oo S
(0—

DT-670-CU-1.4L

Rohde and Schwarz FSU26

Laptop

ATT temp Measured
ND ower
tem

VNA

Python script Veasured S
arameters

Data

Figure 5.23. The cold attenuator measurement block diagram.
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522 Finding T, and T,

The noise diode excess noise ratio (ENR) interpolation arrays that were generated in the first
measurement campaign were used to determine T, and T.. The multimeter with thermocouple

was used to measure the noise diode case temperature.

Figure 5.24. Recording the T, value.

Once T, is known, then T}, can be calculated using the ENR table and equation (4.2) to result in

the plot shown in Figure 5.25.

Th
11000

— Th
ZZ3 uncertainty
10750

10500

10250 1

10000

9750 \

9500

Th (K)

9250 A T T )

9000 T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 1.2

Frequency (GHz)

Figure 5.25. Plotted T}, values.
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5.2.3 Finding G, 47t

The S-parameters of the attenuator is measured at ambient using a vector network analyser. It
was shown in section 5.1.3 that the attenuator insertion loss is invariant from 300 K to 77 K.
This will be assumed!* to be valid to 18 K for this test.

G, of attenuator

—20.00 T
—— G, ATT 346 on

G, ATT 346 off
=19.95 —— G, ATT N4000A on |
—— G, ATT N4000A off

=19.90

dB)

= —19.85 1 —=>"

G,

—19.80

=19.75

-19.70
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

Frequency (GHz)

Figure 5.26. G, 4rr for different noise diodes and states. Note that three of the traces are
essentially identical, while the G, 47 for the 346 in the off state is slightly different.

Using the equation (2.10), the available gain of the attenuator (G, 4rr) is calculated for the noise
diode on and noise diode off states. Figure 5.26 shows the available gain of the attenuator. Note
the slight different between the on and off state for the 346 B noise source due to the difference

in matching.

524 Finding Te TX line 1 and Ga TX line 1

During this test there was not a convenient way of anchoring the transmission lines to the cold
plate on their own. Instead, two attenuators were mounted to the cold head and the short jumper
cable was connected in-line to create a through-path. If the assumption is valid that the
attenuator is invariant with temperature, then the characteristics of the transmission lines can

be determined from this measurement. Figure 5.27 shows a block diagram of the measurement.

14 This assumption is also based on the information shown in the manufacturer datasheet [80].
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Cryostat

| Short |
jumper
Port 1 F———{ | AV [ F— ] AmH [ ——
GiTxline1 GiTX line 2
Gi ATTV I IGi ATT H

Port 2

Figure 5.27. Measurement of G; 1x jine 1Gi 7x 1ine 2 USINg @ VNA. Note the two attenuators

used to thermally anchor the cold side of the transmission lines to the cold plate.

The cold head is shown in Figure 5.28. The female-to-female SMA adaptors are included as

part of the attenuators for the calibration.

ATTH
(Obscured)

TX line 2

Figure 5.28. The cold head configuration used for the measurement of G; rx jine 1Gi Tx tine 2
using a VNA. Note the attenuators used to thermally anchor the cold side of the transmission

The cryostat was cooled down and the measurement was carried out of the entire cascade

consisting of the two attenuators and the transmission lines. The results are presented in Figure

lines to the cold plate.

Short
jumper
cable

ATTV

TX line 1
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5.29 and compared with the same measurement taken at ambient temperature to show the
change in insertion loss of approximately 0.2 dB between ambient and cooled.

|S21] of both transmission lines and two attenuators

-
—— |S21| ambient
|S21] cooled

|S21| cooled interpolated |

—40.6 %
-40.8 )
w2 W

|S21] (dB)

T
0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.29. The measured G; for the cascade including transmission lines and two
attenuators.

The attenuators (including female-to-female SMA adaptors) are measured using the VNA at
ambient and then subtracted from the results of the measurement as displayed in Figure 5.29 to
result in Figure 5.30. Additionally, shown in Figure 5.30 are the two transmission lines

measured at ambient temperature separately and summed.

|S21] through both feed cables and short jumper

T T T
-0.8 —— |S21| H and V transmission line cooled |
|S21| H and V transmission line ambient

10 N

N

|
I
N

|S21] (dB)

T

/

>

-1.6

-1.8

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.30. The measured G; for the two transmission lines including the short jumper cable.

Note that the channels are labelled horizontal polarisation (H) and vertical polarisation (V) in

the system that was used as the testbed. V is used as TX Line 1 and H is used as TX line 2.
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Girxine1 1S estimated from the values in Figure 5.30 by applying the formula

\/Gi 7x line 1Gi Tx 1ine 2 10 result in Figure 5.31. Also shown is the G; rx ;ine 1 Measured directly

using the VNA at ambient temperature before closing the cryostat. This showed good

agreement.

|S21] of input transmission line

T T
—0.4 —— 551 V transmission line cooled |
S»1 V transmission line ambient

|
o
o

|S21] (dB)

|
o
~

et

-0.8

-0.9

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.31. The calculated cooled G; rx 1ine 1 (blue trace). The ambient |S,,]| is measured
using the VNA (orange trace).

Physical temperature estimation of T,

Torx 1ine 1 @Nd Te 7x 1ine 2 CaN be estimated by a variation of equation (3.21):

_ _ Tamb+Tphys ATT
Tphys TX linel — Tphys TX line2 — 2 (5.8)

For this calculation, the following are used:
e The Ty, = 300K,
o the Tynysarr = 18K,
o the Tpnystxiiner = 159 K.

The equivalent noise temperature of the transmission line (T, 7x 1ine 1) €an be determined using

the below equation and is plotted in Figure 5.32:

1
Te TX linel — Tphys TX line 1 (W - 1) (59)
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Te of input transmission line
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Figure 5.32. The effective noise temperature of the input transmission line (T, rx tine 1)-

This noise contribution is added to the noise source and then attenuated by the attenuator.

5.25 Determining T, ., from a Y-factor radiometer measurement

The amplifier under test was installed and the final measurement was carried for the full cascade

as shown in Figure 5.33 and Figure 5.34.

Keysight 346B Noise Source Cryostat

QMC-CRYOATT-20

Rohde and Schwarz FSU26

1— oo
0_

DT-670-CU-1.4L

Thermocouple

[
L]

Laptop

ATT temp Measured
ND Python script Ower
tem ¥ P Measured S- |

VNA

arameters

Data

Figure 5.33. The cold attenuator measurement block diagram.
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Figure 5.34. The cold attenuator measurement with the AUT on the cold plate.

Figure 5.35 shows the Y-factor based on the spectrum analyser measurements. This shows that
there is a good ratio between the hot and cold measurements. Leffel and Daniel (2012) suggest
that a good Y-factor ratio is 5 dB or a linear ratio of 3.16 [42].

Y-Factor

4.0 1

w
wn

w
=)
1

Y-factor (linear)

N
5
)

2.0 1

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

Figure 5.35. Measured Y-factor.

After the Y-factor is measured, the effective noise temperature presented to the AUT can be
calculated. Equations (3.26) and (3.27) are used to calculate the T, s and T, ¢ values

presented to the AUT. The results of this are shown on Figure 5.36.
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Effective noise temperature presented to the AUT (K)
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Figure 5.36. Ty, .sf and T, . presented to the AUT.

The Y-factor is used with equations (3.24) and (3.25) to calculate the equivalent noise
temperature of the cascade. The result is shown on Figure 5.35. Note that the effect of the

second stage needs to be removed.

Te LNA UHF 179
12

101

Effective noise temperature of the cascade (K)
o

0 T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Frequency (GHz)

Figure 5.37. The effective noise temperature of the cascade.

5.2.6  Second stage effect removal

Once T, .45 Is calculated, the below equation is used to remove the second stage effect and
determine T, 4y7.

Te onast
Te avr = Te cas — SLnEenge (5.10)

GaAUT
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The second stage terms are found in the preceding sections.

5.2.7 Gain of the AUT (G4 ay7)

Figure 5.38. shows the insertion gain derived from the de-embedding the AUT |S,, | value from
the VNA measurement taken with the attenuator, transmission lines and the AUT. The |Sy;|

and |S,,| data provided by the AUT supplier was used to generate the G, plot.

Measured gain UHF LNA 179

54 4 —— Gga aur available gain measured
G;j aut insertion gain measured

Gain (dB)
B B
(<)) ©

I
IS
L

»
N

IS
o

1.0 1.2 1.4 1.6 1.8
Frequency (GHz)

o
IS
o
o
o
o

Figure 5.38. AUT Gain.

5.2.8  Equivalent noise temperature of the radiometer (T, 24 stage)

The spectrum analyser set to 5 dB attenuation and an external preamp is used for this

measurement as shown in the block diagram of Figure 5.39. The result is shown in Figure 5.40.

Tc Tmeas c
Ty
Tmeas h
346B | FSU 26
Noise source Pre-amplifier Spectrum analyser

Figure 5.39. The second stage equivalent noise temperature measurement block diagram.
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Figure 5.40. The measured equivalent noise temperature of the second stage.

529 Measurement campaign 2 results, conclusions and suggestions

The final measurement is shown in Figure 5.41. This is higher than expected as the supplier test

data showed that the equivalent noise temperature of the LNA is less than 2 K between 600
MHz and 1.1 GHz.

Te LNA UHF 179
12

Teaur

104

Equivalent noise temperature (K)

T T T T T T T T
0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Frequency (GHz)

Figure 5.41. The equivalent noise temperature of the cascade and the AUT. Due to the use of
the preamplifier and the high gain of the AUT both traces are very similar and essentially
overlayed.

The largest source of experimental error is the uncertainty of the physical temperature of the
resistive element inside the attenuator. The attenuator forms a thermal noise standard during
the measurement; thus any uncertainty will contribute directly to an offset in the equivalent
noise temperature. Figure 5.42 shows the location of the attenuator and the temperature sensor

on the other side of the cold plate. Examining Russel and Weinreb (2012), Cano, Wadefalk and
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Gallego-Puyol (2010), and Akgiray et al. (2013), the temperature sensor is usually installed
inside or on the attenuator casing. An improvement would be to fix the sensor directly to the
case [68][69][73].

Attenuator

Cold plate

Temperature
sensor on other
side of cold plate

Transmission
Line

Figure 5.42. The cold attenuator location with the temperature sensor on the cold plate.

The equivalent noise temperature appears to be approximately 4 K higher than expected.
Assuming that the temperature measurement is the cause of this error, 4 K was added to the
temperature reading and the python script was run again to calculate the resultant equivalent
noise temperature. The result of this is shown in Figure 5.43. There is a direct relationship
between the attenuator temperature reading and the resultant equivalent noise temperature. The
equivalent noise temperature data provided by the supplier is shown as the green trace for

comparison.

A thermal study was conducted to determine if the thermal gradient across the attenuator can
be in the order of 4 K.
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Figure 5.43. The effect of manually adding 4 K to the measured attenuator temperature.

A further improvement is the ability to read the temperature of the noise diode case directly
into the python script via a serial port.

5.3 Thermal study

5.3.1 Introduction

The effective noise temperature that was measured in the measurement campaign 2 was
approximately three times higher than expected. One of the possible explanations for this is that
the temperature distribution around the cold head is not well understood. Specifically, there is
a difference between the temperature measured and the actual temperature of the resistive

element inside the attenuator.

This is a limited study with the goal of showing the temperature gradient across the attenuator

and finding a solution that lowers the temperature uncertainty.

5.3.2  Simulation setup

The attenuator model step file was imported into the thermal simulation software and the cold
head structure was built. The materials were set to stainless steel and copper and the surrounding
medium was set to near perfect vacuum. The effect of radiation was disabled as the focus of

this simulation was to understand the thermal distribution due to conduction through the
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materials on the cold head [83]. The coaxial cable modelled with a centre conductor of solid
copper and diameter of 0.66 mm. This results in a cross-sectional area of 0.34 mm?. The outer
conductor is copper with a 0.44 mm? cross sectional area. The stainless-steel jacket surrounds

the outer conductor. Refer to Appendix F for more information about the thermal simulation.

5.3.3 Initial simulation result and issue confirmation

The model of the cold head with the copper plates was simulated and the resultant surface
temperatures are shown in Figure 5.44. Looking at the spot measurements point one, two and
four on Figure 5.44 show a 2.03 K difference between the attenuator case and the inner
conductor and a 2.81 K difference between the attenuator case and the cold plate. This shows
that this temperature gradient across the attenuator is the possible major source of the 4 K

measurement difference.

File : cold plate_1 50.fld
Cycle: 50
Time : 0.000000

!3()2( Surface Temperature [K]
BT TR T T 7 7 17 .
17.00 20. 00 23.00

Figure 5.44. The thermal simulation showing the temperature gradient across the attenuator.

5.3.4  Final simulation verifying the proposed solution

It is not sufficient to measure the temperature of the attenuator on the cold plate, it must be
measured on the attenuator body. The coaxial cable running between the cryostat wall and the
attenuator should be thermally anchored to the cold plate before coupling to the attenuator. The
solution shown in Figure 5.45 was chosen. This allows the coaxial transmission line to be
pressed against the cold plate using two machined copper blocks, thus thermally anchoring the
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outside of the cables before coupling to the attenuator. Figure 5.46 shows the simulated

solution.

Attenuator

Copper
blocks

LNA

- Cold Plate
Transmission

Line

Figure 5.45. The suggested solution with the cable in contact with the cold plate

File : cold_plate_1_oZ2.fld
Cycle: 62
Time : 0.000000

Figure 5.46. The suggested solution with the cable in contact with the cold plate. The worst-
case predicted gradient across the attenuator is 1 K.

The attenuator is held in place by the right-angled SMA adaptor and the semi-rigid cable. Note
that the attenuator is susceptible to vibration in this configuration. The coaxial cable was
modelled without the PTFE dielectric. The utility of the simulation is to show that there is
improvement, however due to assumptions made in the simulation it is unclear how well the

centre conductor will carry the heat to the attenuator in practise.
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5.4 Measurement campaign 3: Cryostat with helium

refrigerant cryocooler, second test

54.1 Introduction

After the thermal study was completed, the copper anchoring blocks were manufactured.

This set of measurement was carried out at the receiver support facility located in
Klerefontein®®. The main goal was to address the uncertainty over the temperature sensing of
the attenuator. For this measurement, the calibrated noise figure analyser was available and was
used instead of the spectrum analyser. A serial-based temperature sensor was used to record the
case temperature of the noise diode during the test. The test setup is shown in Figure 5.47. The

new configuration of the cold head is shown in Figure 5.49.

Keysight 346B Noise Source Cryostat Keysight N8975A
QMC-CRYOATT-20

— aiC ] v S
.

DT-670-CU-1.4L

Thermocouple

Laptop

ATT temp Measured
ND Python script Ower VNA
tem ¥ P Measured S- |

Data
arameters

Figure 5.47. The final cold attenuator measurement block diagram.

Once again, the values required to solve the below equations need to be determined:
Therf = (Th + Terxiine 1)Gatx tine 1Ga arr + Tpnys arr(1 — Gg arr) (5.11)

T, eff = (Tc + Terx tine 1)Ga 7x line 1Ga arr + TphysATT(l — G, ATT) (5_12)

15 The measurements are carried out in Klerefontein from the 06 December to 10 December 2021. The

measurement data is saved according to the dates they were taken.

111



Garxiine1 and Terxiine1 Were previously determined in section 5.2.4 and G, 4rr Was

determined in section 5.2.3. These values are identical and do not need to be determined again.

54.2 Finding T, and T,

For this measurement, T, is measured as the temperature of the noise diode case. In this case it
is measured using a thermocouple and automatically captured by the python script. This is an
improvement over the previous method which relied on a multimeter thermocouple that the

author manually recorded. The result is plotted in Figure 5.48.
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—_— T
uncertainty
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0.4 0.5 0.6 0.7 0.8 0.9 1.0 11 12

Frequency (GHz)

Figure 5.48. Plotted T}, values.

543 Flndlng TphysATT

Two measurements were carried out. The first measurement shown in Figure 5.49 was made
without the braided copper conductor attached to the attenuator case. Figure 5.52 shows the
temperature measured on the attenuator case was approximately 12 K higher than the
temperature measured on the cold plate. Figure 5.50 clearly shows that there is an offset in the

measured temperatures recorded for the two temperature sensors.
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Figure 5.49. The attenuator installed without the braided copper conductor.
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Figure 5.50. Plot of the recorded temperature of the attenuator sensor and the cold plate sensor
without the braided copper thermal conductor.

The copper braided thermal conductor was added to connect the attenuator to the cold head as

shown in Figure 5.51. Figure 5.52 shows that recorded temperature of the attenuator case is
very close to the cold head temperature.
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Figure 5.51. The addition of a copper thermal conductor.
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Figure 5.52. Plot of the recorded temperature of the attenuator sensor and the cold plate sensor
after the addition of the copper thermal conductor. Note that both traces are almost identical

and overlaid.

The difference in temperature between the cold plate and the attenuator case is shown in Figure
5.53. For the measurement without the strap attached to the attenuator case, the temperature
difference appears to settle at 11.5 K. The source of this difference could be radiation loading
from the 77 K heat shield and OMT or heat loading via the thermal sensor cable, however the
most likely cause is thermal conduction through the centre conductor of the coaxial cable. If
this is the case, then the strap that was attached to the case of the attenuator affectively ties the

case of the attenuator and hence the temperature sensor to the cold head.
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Figure 5.53. Plot of the difference between recorded temperature of the attenuator sensor and
the cold plate sensor before and after the addition of the copper thermal conductor.

An interesting conclusion is that anchoring the attenuator case to the cold head via the copper
strap effectively masks the effect of any heat conducted via the centre conductor. Conversely,
leaving the attenuator case disconnected from the cold head reveals that there are heat loads

acting on the attenuator, potentially via the centre conductor.

Another conclusion from Figure 5.53 is that the values are smaller than zero in some places.
This implies that the reading from the temperature sensor located on the attenuator is 0.25 K
colder than the reading from the temperature sensor located on the cold plate. This is not likely
when the system is at room temperature. A more likely explanation is that this is due to the

measurement error of the uncalibrated sensors.

544  Determining T, ., from a 'Y factor radiometer measurement

In this final step, the AUT is installed as shown in Figure 5.54 and the T,04s hot @Nd Toneas cold
are measured and used to find the Y-factor values. The temperature sensor attached to the cold

attenuator is recorded and used as the T pys 477 The temperature sensor attached to the noise

source is recorded and used to calculate the T;, value for this measurement.

115



Keysight 346B Noise Source Cryostat Keysight N8975A

F— QMC-CRYOATT-20
g:' .
e miEt=

i &
e | | oo

::::::

Laptop

ATT temp Measured
ND Python script OWer VNA
tem y P Measured S- |«

Data
arameters

Figure 5.54. The final cold attenuator measurement block diagram.

Figure 5.55 shows the Y-factor based on the spectrum analyser measurements . This shows that
even without a pre-amplifier and setting the 20 dB attenuation at the input of the noise figure
analyser, there is a good ratio between the hot and cold measurements. Leffel and Daniel (2012)

suggest that a good Y-factor ratio is 5 dB or a linear ratio of 3.16 [42].
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Figure 5.55. The cold attenuator measured Y -factor ratio.

545  Second stage effect removal

Once T, .45 Is calculated, the below equation is used to remove the second stage effect and
determine T, 4yr-

Te onast
Te avr = Te cas — SLneenge (5.13)

GaAUT
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The G, 4y Was determined in section 5.2.7 during measurement campaign 2. These values are

identical and do not need to be determined again.

5.4.6  Equivalent noise temperature of the radiometer (T, 2n4 stage)

The noise figure analyser set to 20 dB attenuation with no external preamp for this measurement
as shown in the block diagram of Figure 5.56. The result of the measurement is shown in Figure
5.57. The mismatch between the noise source and the noise figure analyser results in power
being reflected and sets up a standing wave pattern that varies with frequency. The different
reflection coefficients present at the noise source -on and -off states set up slightly different
standing wave patterns. The resultant ripple over frequency after the Y-factor calculation is
evident in the trace plotted in Figure 5.57.

Th Tmeas h
Tc Tmeas c
346B N8975A

Noise source Noise figure analyser

Figure 5.56. The second stage equivalent noise temperature measurement block diagram.
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Figure 5.57. The measured equivalent noise temperature of the second stage.
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54.7 Measurement campaign 3 results, conclusions and suggestions

Shown below are the results with and without the thermal strap attached for comparison. The
blue trace in Figure 5.58 shows the effective noise temperature without the thermal strap
attached to the attenuator. The physical temperature of the attenuator case was recorded as 30.82
K for this test. The orange trace in Figure 5.58 shows the effective noise temperature with the
thermal strap attached. The physical temperature of the attenuator case was recorded as 19.27
for this test.

Effective noise temperature
12

—— Te aur Without strap
Te aur With strap

10

Effective noise temperature (K)

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
Frequency (GHz)

Figure 5.58. The equivalent noise temperature of the AUT using the cold attenuator
measurement with and without the strap attached between the attenuator and the cold head.

Both results from measurement campaign 3 show a value 2 K lower than the values reported in
measurement campaign 2, however this is still approximately 2 K higher than the value reported
by the supplier.

This difference between measured data and supplier data is discussed in Chapter 6 in more
detail, but may be due to the following points:
e The supplier data may be overly optimistic. There is the option to have an independent
lab carry out a measurement as verification.
e The temperature of the attenuator is still not known to a high enough degree of accuracy

due to a calibrated temperature sensor not being available.
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e The temperature gradient across the attenuator is still a problem due to the heat carried

by the centre conductor.
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Chapter 6

Conclusions and suggestions

The importance of ultra-low-noise amplifiers was explained within the context of radio
astronomy and the MeerKAT project. Terms relevant to the discussion of noise and

measurement of noise in radio frequency circuits were presented in chapters 1 and 2.

The classic and corrected Y-factor measurement methods were discussed, along with the
drawbacks with using this method. The cold source measurement method was also investigated
but rejected due to the amount of hot cold cycles required and the lack of a well characterised
thermally stabilised radiometer being available. The cold source measurement relies on a single
thermal noise source measurement, thus the radiometer carrying out the measurement needs to

have excellent absolute accuracy and long-term stability between calibration intervals.

The cold attenuator method was selected due to a few advantages. The use of a 20 dB attenuator
addresses the mismatch error at the input of the AUT. Additionally, the uncertainty in the
determination of the noise contribution and loss of the input transmission line becomes almost
insignificant to the total measurement uncertainty due to the comparative insertion loss of the
attenuator. The attenuator helps to mitigate the error due to the different impedance between
the on- and off- state of the noise source. The mismatch error at the output of the AUT is
minimised by selecting an input attenuation on the noise figure analyser or spectrum analyser

that presents a greater than 20 dB return loss.

The cold attenuator method uses both an active noise source and a thermal noise source. The
radiometer used in the measurement does not require the same excellent absolute accuracy
compared to the cold source method. The stability is required only over the measurement

sweeps, which may be two to three minutes.

The objective of examining the available literature and finding a suitable method was successful
and resulted in the successful second objective of designing and building the T, measurement

system. The existing MeerKAT UHF-band cryostat was adapted and used as the test system.

120



The final objective of performing measurements on a cryogenic LNA and interpreting the
results was also successfully carried out with the major findings and suggestions presented in

section 6.1.

Additional to the original set of objectives, a thermal study was carried out which resulted in
an improvement of the measurement method. However, the challenge of lowering the
measurement uncertainty to below 1 K is still to be addressed and some suggestions for

improvement are given in section 6.1.

The limitations that were encountered included the DT-670-CU-1.4L calibrated temperature
sensor not being available at the time of measurement. Referring to Figure 4.18 this could
contribute 0.6 K offset to the final measurement when using the 346 B noise source. The use of
the existing cryostat meant limited space for the attenuator and no ideal mounting of the
attenuator and no good way to anchor the coaxial cable. A purpose-built solution can simplify

the thermal anchoring of the coaxial cables and mounting of the attenuator.

The results presented in this work represent major advances in the measurement of ultra-low-
noise amplifiers within the context of the South African Radio Astronomy Observatory and the
understanding gained through this process will be vital to the building of a cryogenic LNA test

facility.

Referring to Figure 6.1 for an overview of the measurement results for measurement campaign
2 and measurement campaign 3. The first measurement using the helium cooled cryostat is
shown in blue is the furthest from the manufacturer supplied data. The improved attenuator
configuration measurement carried out in measurement campaign 3 without the copper strap
shown as the orange is the closest to the manufacturer data. Finally, the green trace shows that
the addition of the copper strap cooled the attenuator case, but resulted in a final equivalent

noise temperature of the AUT further from the manufacturer data than without the copper strap.
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Figure 6.1. Comparison of 3 measurements with the supplier data

6.1 Suggestions for future work

Thermal gradient across the attenuator

Further examination of the thermal simulation heat path view shows that there is a lower
thermal resistance at the transmission line inner conductor compared to the outer conductor.
Referring to Figure 6.2, only the major heat conductors are shown. The heat flow is from the
cryostat case to the cold head. The benefit of this analysis is a visual representation of the heat
flow through the outer conductor and through the inner conductor of the coaxial cable. It also
shows that most of the heat is flowing through the copper blocks, from the outer conductor to
the cold plate and then from the cold plate to the cold head. Unfortunately the utility of this
simulation is limited due to the fact that simplifications were made in order to model the inside

of the attenuator and the SMA connector interfaces.
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Figure 6.2. The thermal simulation heat path view showing a significant amount of heat flows
through the transmission line centre conductor.

Gallego, Lopez-Fernandez and Diez (2009) described the problem of excess thermal gradient
across the attenuator. Referring to Figure 6.3, the attenuator is thermally anchored using a
machined copper block that makes contact with the attenuator body on all sides. It is difficult
to accurately measure the physical temperature of the resistive element in the attenuator and a
1 K error in the measurement of the resistive element physical temperature translates directly

toa 1l K error in the measured AUT equivalent noise temperature [62].
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Figure 6.3. Two heat-blocks employed inside a test cryostat at Yebes [62].

The use of heat-blocks

Gallego, Lopez-Fernandez and Diez (2009) described the problem of heat transfer through the
inner coaxial conductor. They have developed a solution to deal with this issue, called a “heat-
block”. Shown in Figure 6.4, the heat-block is a cascade of two 2.92 mm (K-type) female
sparkplug launcher transitions with a Wiltron K102F or Wiltron K100 glass bead sandwiched
in-between. The thermal resistance of the glass bead is much higher than the copper centre
conductor. As shown in Figure 6.3, Gallego, Lépez-Fernandez and Diez (2009) suggest using
two heat-blocks in series provides sufficient thermal isolation between the centre conductor and
the attenuator [62].

Glass bead

L LARRRRRULERT™

Figure 6.4. The heat-blocks employed inside a test cryostat isolating the attenuator from the
heat carried by the centre conductor [62].

In future, the use of heat-blocks will increase the certainty of the temperature measurement of
the attenuator resistive element.
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Heat transfer between the AUT and the attenuator

Gallego, Lopez-Fernandez and Diez (2009) also suggest that heat is very efficiently transferred
from the amplifier under test to the attenuator. Excess power dissipation or insufficient thermal
contact between the amplifier body and the cold plate results in a noticeable difference in the

measured noise temperature [62].

Self-heating of the noise source

The noise source temperature increases when the diode is biased, therefore leaving the noise
source powered for extended periods of time will cause the T; to change. Instead, the noise
source should be switched on, then off for each frequency point or each sweep, provided that
the sweep time is not too long. Performing consecutive sweeps with the noise source switched
on and then consecutive sweeps with the noise source switched off causes temperature changes

of five or more degrees C.

Correspondence with an expert in the field
A summary of the results and conclusions were sent to an expert in the field Juan Daniel Gallego
at the Yebes observatory and he advised the following:

e The determination of the noise of cryogenic amplifiers with good accuracy is not an
easy task.

e The cold attenuator method is very convenient for using commercial noise figure meters
however, the temperature of the attenuator needs to be accurately known.

e Often, the attenuation element is hotter than the attenuator body due to the heat
conducted by the inner coaxial cables. They have tried different solutions over the years,
and currently use a custom designed attenuator that is immune to this effect.

e They previously used the “heat block™ between the attenuator and the transmission line

when using commercial coaxial attenuators.

His recommendation was to try to improve the thermal isolation of the attenuator from the

centre conductor of the transmission line using a “heat block” or similar solution.

Additionally, he advised that they have found in the past that the supplier data may be too

optimistic and offered an independent measurement to verify the data.
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The email is contained in Appendix D - for reference.
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Appendix A - Python script for generating Planck blackbody

radiation curves

The script can be downloaded at https://bit.ly/3WhbnUC.

Appendix B - Power Budget

boltzmant 1.38E-23 J/K

Cryostat |
I
Noise [~ Cold | | L | _
souce [ attenuator >} S
I I
I I
| |
Tc Th Ga Atten Ga AUT Ga Total Th meas Res BW Pout Pout
ENR 4000/ 5.5dB 295 K 1341.7 -20 dB 46 dB  398.1072 W/W 534140 K 4000000 2.95E-11 W/W -75.30 dBm
ENR 346B 15dB 295 K 9623.7 -20 dB 46 dB  398.1072 W/W 3831272 K 4000000 2.11E-10 W/W -66.75 dBm

Appendix C - Calculation of the Y-factor presented to the AUT

The Y-value presented to the AUT is calculated in order to use in the uncertainty equation.

Because there are no measured values, equation (3.25) cannot be used.

The following values are used:

o Toaur=1K
o Ty = 290K
e T. =18K

L] GiATT = —20dB

Table 6.1. Cold attenuator calculation to determine the Y-factor value.

L- L-
pad | pad
ENR | Th Tc | dB | ratio | Theff Tceff | Y
511207.061 | 290 | 20 | 100 29.89 | 20.72 1.42
10 3190|290 | 20| 100 49.72 | 20.72 2.33
15 | 9460.605 | 290 | 20| 100 | 112.42 | 20.72 5.22
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20 29290 | 290 | 20| 100 | 310.72 | 20.72 | 14.35
2591996.05 | 290 | 20| 100 | 937.78 | 20.72 | 43.22
30 290290 | 290 | 20 | 100 | 2920.72 | 20.72 | 134.51

T;, is calculated using equation (4.2).
Ty, ¢ff is calculated using equation (3.22).
T, ¢5y is calculated using equation (3.23).

Teaut*+Theff

The Y value is calculation in this case by the equation: instead of the usual

Teaur+Tc eff

equation (3.25).

Appendix D - Email correspondence with Juan Daniel Gallego

from Yebes observatory

Juan Daniel Gallego Apr 28, 2022, 10:34 AM

to me

Hi Wesley,
Sorry for the delay in answering. These days | have been immersed in a CDR for ALMA band 2.

About your measurements, as you well know, the determination of the noise of cryogenic
amplifiers with good accuracy is not an easy task. The cold attenuator method which you are using
very convenient for using commercial noise figure meters although it is not problem free. The main
practical difficulties are a) the temperature of the attenuator needs to be accurately know and b) you
have to determine the equivalent ENR of your setup, including all cables and transitions (their loss

may change when cooling!).

Our experience is, as you pointed out, that in many cases the inside part of the attenuator is hotter
than the body due to the heat conducted by the inner coaxial cables (which are usually good thermal
conductors to avoid excessive electrical loss). We have tried to use different solutions for this over the

years. Now we have a specially designed attenuator based on a mGaAs MMIC built on a very thin
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substrate which we believe is quite immune to heating by the inner coax. In the past, when using
commercial coaxial attenuators, we introduced a “heat block” between the attenuator and the SS line.

You can find a description and some details of that setup here (see pages 15-18):

https://icts-
yebes.oan.es/amplifiers/doc/recent presentations/RADIONET%20Low%20Noise%20Workshop%20

Goteborg%2006-

2009%20Measurement%20Test%20Set%20for%20ALMA%20band%209%20Amplifiers.pdf

In your case, | would try first something similar to this “heat block” to see what happens. You can
never discard that the original measurement from the manufacturer may be too optimistic. We have
found many cases of that. If you ever want to compare with other independent measurement, there
is the possibility of measuring one of your amplifiers in our lab in a setup with a precision heated

load.

Other references which may be of interest related to this:

https://icts-
yebes.oan.es/amplifiers/doc/recent presentations/RADIONET%20Low%20Noise%20Workshop%20

Goteborg%2006-

2009%20Estimation%200f%20Uncertainty%20in%20Noise%20Measurements.pdf  (about  error

estimation in cryogenic noise measurements)

https://ieeexplore.ieee.org/abstract/document/6365276 (description of a heated load for cryogenic

noise measurements)

|II

https://ieeexplore.ieee.org/document/5540248 (other “special” attenuator for cryogenic noise

measurements)

If you have more questions, please let me know.

Regards,
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Juan Daniel

Appendix E - Interpolation script for noise diode ENR values

VWoONOOTUTE WNR

42.

# -*- coding: utf-8 -*-

Created on Tue Mar 29 21:59:59 2022

@author: wnewton

import numpy as np
import matplotlib.pyplot as plt

. f_start = 400e6 # Start frequency

. f_stop = 1.8e9 # Stop frequency

. numPoints = 1001 # Number of measurement points

. freq_delta = (f_stop-f_start)/numPoints

. # Get frequency data from Start_freq, Stop_Freq and Amount of Points
. freq = np.arange(numPoints)*freq_delta + f_start

. # Generate a numpy array for frequency data (Hz)

. # %%

. def interpolate(original_columnil,
original_column2,
polynomial_degree,
new_columnl_start,
new_columnl_stop,
pts):

Interpolate_V = np.polyfit(original_columni,
original_column2,
polynomial_degree)

# returns a vector for the interpolation

INT_PN = np.polyld(Interpolate_V)

# Generate a polynomial from the interpolation vector

freq = np.linspace(new_columnl_start, new_columnl_stop, pts)

# generate frequency array for plot

INT_ARR = np.column_stack((freq, INT_PN(freq)))

return INT_ARR

C# %%
. # Generate the ENR VS freq array for the 346B s/n:MY53400779

ENR_table_346b = np.array([[10e6, 15.33],
[100e6, 15.32],
[1e9, 14.99],
[2e9, 14.97],
[3e9, 14.89],
[4e9, 14.77],
[5€9, 14.74],
[6e9, 14.71],
[7e9, 14.60],
[8e9, 14.69],
[9e9, 14.72],
[10e9, 14.72],
[11e9, 14.78],
[12€9, 14.85],
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56. [13e9, 14.82],

57. [14e9, 14.94],

58. [15e9, 15.03],

59. [16e9, 15.13],

60. [17e9, 14.89]])

61.

62. ENR_uncertainty = 0.2

63.

64. # %%

65. # Generate the ENR VS freq array for the N40©00A

66.

67.

68. ENR_table_N4@@OA = np.array([[10e6, 5.505],

69. [100e6, 5.556],

70. [1e9, 5.559],

71. [2e9, 5.666],

72. [3e9, 5.678],

73. [4e9, 5.607],

74. [5€9, 5.574],

75. [6e9, 5.546],

76. [7€9, 5.614],

77. [8e9, 5.732],

78. [9e9, 5.746],

79. [10e9, 5.744],

80. [11e9, 5.792],

81. [12e9, 5.775],

82. [13e9, 5.844]])

83.

84. # %%

85. # Generates the ENR interpolation array using the options:
86. # (original ENR table frequency points,

87. # original ENR table ENR values,

88. # polynomial order, 10th order seems to follow the curve of the original best
89. # interpolated frequency start,

90. # interpolated frequency stop,

91. # number of data points for interpolation)

92.

93.

94. ENR_INT_ARR_346b = interpolate(ENR_table_346b[:, 0],
95. ENR_table 346b[:, 1],
96. 10,

97. freq[o],

98. freq[624],

99. len(freq))

100.

101. ENR_INT_ARR_N4000A = interpolate(ENR_table_N4000A[:, 0],
102. ENR_table N4000A[:, 1],
1e3. 10,

104. freq[0],

105. freq[624],

106. len(freq))

107.

108. # %%

109. # Save interpolated files to numpy arrays

110.

111. np.save('np_arrays\\ENR_INT_ARR_346b.npy', ENR_INT_ARR_346b)
112.

113. np.save('np_arrays\\ENR_INT_ARR_N400OA.npy', ENR_INT_ARR_N4000A)
114.
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Appendix F - Thermal simulation details

Cradle CFD | scSTREAM

4

stem with Structured Mesh
scSTREAM V2021.1 -
CEID: 1B0BENF4-77C724035
STpost_Sx6dnet. Application, 2021 Yersion 20210407

sCPOST_SxBdnet exe

© 2020 Software Cradle Co, Ltd,

7/

Figure 5: Cradle CFD SC Stream software used for the thermal simulations.

A

The simulation was setup to ignore radiation and the domain was set to vacuum as in Figure

117. Only the thermal path through solids was considered.

Incompressible Fluid

E dit the material property of incompressible fluid.
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Figure 6: The domain medium was set to vacuum
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Figure 7: The copper parts material properties
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Figure 8: The stainless steel parts material properties
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Figure 9: The cold head is modelled as a disk fixed to a physical temperature of 18 K
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Figure 10: The end of the cable is terminated into a solid block that is fixed to a physical
temperature of 300 K

Figure 11: The modelled coaxial cable. The centre conductor is solid copper with diameter of

0.66 mm. The dielectric was modelled as an air gap in this case with a diameter of 1.801 mm.

The outer conductor is copper with a thickness of 0.076 mm. The stainless-steel jacket with a
thickness of 0.178 mm.
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