Another Look at the System Noise Temperature of a Radiometer
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Introduction

This article investigates the sensitivity limitations of a typical radio telescope radiometer, usually specified by its system noise temperature (TSYS). TSYS defines the limiting sensitivity of a radiometer, bandwidth 'B,' observing and integrating a source for  a time 't' as 
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The importance of including a low noise amplifier (LNA) is well recognized. It is also advised to locate the LNA close to the antenna terminal and keep connection losses low and control interface mismatches. 

Following a few definitions to set a baseline, the sensitivity controlling functions are derived and some results presented graphically. 
Definitions

Figure 1 depicts an antenna, terminal impedance Za observing a region of space, temperature Ta feeding a transmission line of impedance ZTL driving an LNA, input impedance ZLNA, plus an RF amplifying chain with an overall noise figure FLNA in a physical environment with an ambient temperature, Tamb ( ~290 °K un-cooled). 
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Figure 1. Radiometer Input Schematic
The equivalent noise temperature of the LNA plus following RF amplifier/filter chain is, 
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, or TLNA = Tlna + TRFChain/Gainlna, where Tlna is the noise temperature of the LNA alone.

For the attenuator, 'A' represents the total resistive loss factor (<1) of the connections and cable between the antenna and LNA terminals and is usually measured in decibels, (dB), where, 
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An attenuator preceding an LNA effectively increases the combined Noise Figure by the dB loss of the attenuator (see derivation in the Appendix) but the equivalent attenuator noise temperature itself is, 
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Mismatches between RF components and transmission lines cause power to be reflected at the junctions setting up voltage standing waves along the lines, the median representing mismatch loss. 

There are two potential mismatch planes, one at the antenna terminal and the other at the LNA input with voltage reflection coefficients ρa and ρ where,
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The proportion of power transmitted is 
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, respectively, representing mismatch power loss and can be treated as attenuations.
Finally, the relation between reflection coefficient and voltage standing wave ratio (VSWR) is,
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 or altenatively, it is defined as the magnitude of the ratio of the interface impedances  Z1, Z2 producing a value >=1. 
These are average functions and in practice the instantaneous values fluctuate with frequency.

System Noise Temperature

Based on the definitions above, the effective noise temperature at the LNA input, when the antenna is pointed off a source, referring to Figure 1, TSYS is calculated from,
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(1)

TCMB +Tsky + TGrnd represent antenna noise temperature contributions from the Cosmic Microwave Background (~2.7 °K), random sky contributions (~10-20 °K) and thermal noise from the physical environment via antenna spill-over, and/or side- and back-lobes (~10-100 °K). These are reduced by the product of the line attenuation and mismatch loss factors. 

The second term in Equation 1 is the temperature contribution of the line/connector attenuation and mismatch losses.

The source noise temperature at the LNA input is similarly reduced by the connection losses and is,
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(2)

In terms of the source flux, 'J' Jansky and the antenna effective collecting area 'C' m2,  

Tsource  = J.C/1380  °K.

The RF output signal to noise ratio SNR is given by TSRC/TSYS. 
The source attenuation line losses can be accounted for by further increasing the calculated system noise temperature to,
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(3)

Note that the overall sensitivity degradation due to attenuation in the antenna - LNA path is doubled, by increasing interface noise and reduction of the wanted signal level.

TSYS  Measurement

The standard Y-factor method of measuring TSYS is to measure the ratio of the detected power when pointed at the ground (Tground = 290 °K) and to a cold part of the sky ( Tsky= 15 °K), then, 

Y = Tground/Tsky and  
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This is obviously an approximation but it is more than adequate for most amateur requirements.

Practical Implications

Figure 2 plots the system noise temperature results for a variety of conditions and shows the importance of keeping LNA cabling short and optimising antenna and LNA match. 

Side-lobes or dish feed spill-over illuminating the ground virtually adds directly to TSYS as indicated by the green and magenta curves in Figure 2 and is to be controlled by antenna choice or screening. 
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Figure 2. Effective System Noise Temperature Results for 0.4dB LNA Noise Figure (~28  °K)

Depending on a dish feed illuminating efficiency, the spill-over contribution temperature contribution is typically in the range 20 °K to 70 °K. For a long Yagi in a cluttered environment with a local horizon of some 20°, the corresponding range for side- and back-lobes is 60 °K to 120 °K, so careful siting and shielding may be necessary.

Removing the Connection Cable

The recommendation of connecting the LNA directly to the antenna or with a connection that is very short compared to the RF wavelength, effectively removes the cable loss plus one mismatch/connector plane so now it is only necessary to match the antenna to the LNA. This may be possible by antenna tuning or a short matching circuit. As a general tuning rule, it is advisable to keep the VSWR less than 1.5 and to minimize the reactive components or keep the reactive component magnitudes less than half the full impedance magnitudes.

Conclusions

To maximise sensitivity given a specified LNA, minimise losses by placing the LNA directly following the antenna terminal. It is important to ensure a good match, preferably a VSWR of less than 1.5 for the both the antenna and LNA input.

Reference

[1] W.D. Reeve Noise Tutorial, Part III ~ Attenuator and Amplifier Noise.  https://reeve.com/Documents/Noise/Reeve_Noise_3_AttenAmpNoise.pdf
Appendix

Noise Temperature of Attenuator 

W. Reeve presents a rigorous method of calculating the noise temperature of passive attenuators.[1] An alternative way of understanding the performance of a passive attenuator is to notionally apply the standard method of noise figure measurement, namely to input a calibrated noise signal that doubles the output noise power. The noise factor is then simply the ratio of the input noise power required to the available resistive power, Tamb.

In the case of a terminated resistive attenuator with a power transfer factor, A at temperature Tamb, the static input and output available thermal noise powers are each kTambB, where k is Boltzmanns constant and B is the measurement bandwidth. 
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Figure A1. Noise Temperature of an Attenuator; Injected Noise power Doubles Output Power
With no input the termination input and output noise powers are, kTambB
To double the output noise power an extra input kTeB is required; from Figure A1, the new total input power is,  kTeB + kTambB and the doubling of the output becomes,

A(kTeB +kTambB) + kTambB = 2 kTambB

Solving this equality, referred to the input the attenuator equivalent temperature is, 

Te = (1/A-1)Tamb 

and the equivalent output temperature is, 

ATe = (1-A)Tamb.
The corresponding noise factor is, (Te + Tamb)/Tamb = 1/A,  agreeing with  Reference 1 analysis; using the identity, T = (F - 1)Tamb -> F = (T + Tamb)/Tamb.
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