The Cold Horn method for NF measurements, notes about 10 GHz applications.

The Cold Horn method for Noise Figure (NF) measwets is a kind of Y-factor methods with Cold and
Hot loads at the receiver input. Sergey RW3BP dmeal it for 23 cm band at the end of 2000%he main
goal was to get a better accuracy of measurementemparison with conventional Y-factor method and
tools that use solid state noise sources. For 2themest NF one may achieve today is about 0.1B, 20
the problem of accurate measurements with uncégailess than 0.1 dB seems to be important. F&3HD
achievable NF is somewhat higher, about 0.6-0.7cdBhe best LNAs built tod&ywith a tiny difference at
the top of the list, less than 0.1-0.2 dB; conterapolow noise FETs at 10 GHz may achieve the patam
NFopt less than 0.3 dB So, the accuracy of Noise Figure measurementssieportant for 10 GHz too.

Errors of Y-factor method are widely investigated aeviewed and measurement of small NF is a common
problem. The estimation of uncertainty for convendl tools with diode noise head is shown at Figl'He
calculator from Rohde&Schwarz is usedalue of possible error +0.25 dB seems unsuithlg for 10 GHz
too; in addition, the calculator do not accountsiloie sources of error like the gain efror

This work is about one of "less travelled roadsNif measuremerit@and practical attempts to reduce NF
uncertainty using Y-factor method.
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Fig. 1. The estimation of NF uncertainty at 10 GHeztypical LNA (NF=0.9 dB, Gain up to 13 dB and devate VSWR at
input and output. Noise head is characterized bR Bidlue with typical uncertaintggNR=0.1 dB, and output VSWR or

refection coefficient.
As a way to reduce the interval of uncertaintys gsuggested to use lower temperatures for Cold-atd
sources. This way can be illustrated using the fdanfor RX noise temperature by Y-factor method,
1 Y
Tex = Thot vo1_ Tooid Y1 1)
The Noise Figure and its uncertairddF are expressed vi&,, and uncertaintyl,, as

NF =10(og 1+T& , :ﬂ&,
T, IN10T, +Tgy

0

(2)

! See his notes at Russian VHF portal "Accurate @oisFigure measurements on 1296 MHz",

http://www.vhfdx.ru/apparatura/accurate_noise_figumeasurements_1296_mhz

2 See measurements of Dominique HB9BBD (HBO9CW) DUBRI®17, v.46, page 124, presentation from EME imgdbrebro
2017http://moonbouncers.org/Orebro2017/HB9CW%200reb@202 7%20Measurments. pdf

3 After deembeding, i.e. from the FET’s gate to drai

* For fresh review see David Stockton GM4ZNX and \ldhite GM3SEK Noise Figure Measurement — A Reality ChdaWBUS
1/2013, page 74, DUBUS TECHNIK XII, page 235.

® For info about calculator seehttps://www.rohde-schwarz.com/us/applications/tHegtor-technique-for-noise-figure-
measurements-application-note 56280-15484.Hamit today the latest version of Uncertainty da&S is 3.21, the core of this
work has been done at 2013-2015 and | used oldsione3.10 then.

® See Rainer Bertelsmeier DJ9BVHow to Use a Noise Figure Meter DUBUS 4/1990, page 18,
http://www.marsport.org.uk/dubus/archive/9004-2. pdf




whereT, =290 Kis the reference temperature; so, if one get lowién T, and its uncertainty the Noise
Figure with uncertainty will be lower also. Y-factm (1), Y - is a ratio of receiver outputs for Hot (noise
temperaturd, ) and Cold (noise temperatufg,) sources at the input, the receiver output shdndd
measured in power units. For uncertaidiy,, one can get
2
JI-RX = \/a-rhot2 (Y_ll)z + Jrcoldz[YY_lj ’ (3)
assuming that errors for Hot and Cold temperatud€s, and JT_,,are independent (uncorrelated), and if

the Y is known exactly,dY =0’. If the Y-factor is about 5 dB (that is typical fNF measurement¥, = )3
the contribution ofdT_,,, uncertainty indl;, becomes leading, and the contribution frd, gets relatively

col

suppressed. As a first step, one needs to redack thuncertainty to get a lowedl ., .

One should try to decrea3g, down to tens of Kelvins; so, if this temperatwse&nown with accuracy less
20 %, the absolute error interval_, should also go down, and would not exceed sewera&ryogenic

method to cool down the dummy load at RX input se@wt convenient in practice; desirable temperature
about tens of K may be hardly achievable. Neveed®l Cold Source could be realized using diredtiona
antenna (like microwave horn) with main beam logkiupward, to the Cold Sky; then the noise tempegatu

of antennar,,,, should be low, and antenna output may be usedbs Sburce at RX input antl,, =T,

ant nt*

Estimation by (2), (3) gives the contribution foF Nincertainty about £0.04 dB (NF=0.7 dB= ) Bhen
ol =2 K.

One may note that even for higher values aboutkR¥¥e physical temperature can be measured with hig
accuracy; uncertainty of available thermometergsatoexceed several K; a dummy load may be connexsted
a source at the RX input, and the noise temperatdir¢his source would be exactly the physical
(thermodynamic) one for the dummy load. In practites temperature should be corrected by mismatch
losses at the RX input; and additional uncertaagpears in measurements because of the powertiafiec

from RX input and source. Only a part of availaptsver P, .=k T, is delivered from source to RX
-Ir 2 -Ir 2
Rn e (1 ‘ RX‘ )[(]1 ‘ SozurCJ )Psource’ Rn e kTin’ (4)
‘1_ I—RX rsourcel
where I, - reflection coefficient of receiver with magnitude,,| = VSWRg, —1 v Teource = reflection
VSWRg, +1
coefficient of the source with magnitudg,,, = VEWR e 1 , k - the Boltzmann constant. The
VSWR,,,*1

numerator in (4)(1—\FRX\2)E£IL—\FSOU,CJZ) gives the reduction of source's temperature;ypical VSWRkx =2
the temperature correction exceeds 11%; or more 8K down for 290 K source. The denominator
1-Tey rsourcf in (4) defines the mismatch uncertainty; phasagfbéction coefficients are unknown usually,

but one can get the estimation f§y uncertainty due to mismaf§hdT, =+ 20T, | T ..l Tin , OF €Xpressing
via T,

source

Tin * OTin = (]‘_‘FRX‘Z)[@‘_‘rsourcf)E(n'i ZI:]]_RX‘ I:]]_sourcel)Tsource’ (5)
and using the magnitudes of reflection coefficiemtsy. For typical VSWRx =2 and VSWRyce =1.1 the
uncertainty is about £5.5%, or more than 15 Kdource 290 K. | think it is too much if we are |aud for
accuracy in measurements about 0.1 dB or bettdsol should note that uncertaindy,,,=+15 K gives the

" See Appendix 3 for general cas® # 0.
8 Les Besser, Rowan Gilmoreractical RF Circuit Design for Modern Wireless &yss, Volume 1, Passive Circuits and Systems

Artech House, Boston, London, 2003, page 64. Autieatled "mismatch loss" the whole relati®ly,,.../ P, -



contribution to total uncertainty of Noise Figudenast +0.3 dB at NF=0.7 dB, as it follows from esdition
by (2), (3) forY = 3.

Temperature of Cold Horn

The temperature of horn could be computed if teratpee of media where its beam directed is known. A
many of factors affect the temperature of Cold Hdithe main beam of horn is directed upwarg,, will

be defined by:

1. Temperature of Cosmic Microwave Background (CMB);
2. A small part ofT,, is expected due to the noise from occasional tbjecthe Sky like solar noise,

galaxy noise etc. They are localized sources usuall
3. Environment and ambient temperature; it should dtedthat the horn collects a noise from ground
and nearby objects by back- and side-lobes. Thexefoshape of horn’s directivity pattern affecis.t
A horn antenna with good noise parameters shoulsebected, and back- and side-lobes should be
suppressed as good as possible.
4. Losses of signal in atmosphere and temperaturgraisphere layers.
Temperature of CMB is well knowd,,; 027 KLocalized sources of radio noise in the spacéaxga

noise etc) are expected small at 10 GHz; the plessdmtribution from the solar radio flux can belueed or
excluded if the horn does not see the Sun by iig m@am. To decrease contribution from localizegrses
in the space one should choose the horn with arwiden beam. | can take into account the impaanfro
cosmic sources besides CMB by introducing an amithii uncertainty; | estimate it by the value +1.5tlke
result for cosmic noise should bk, .t JT,..=4.2£1.5 K. It is interesting to note that oscillations airh

space

temperature are observed during a day at 23 cnR¥2BP text.

Next problem is a noise from surroundings of thenhdhis noise is considered as thermal one. | Ishou
denote two different situations for practical reasahey are schematically depicted at Fig. 2: pafture —
the horn is placed near a wall with ambient temjpeeaabout 290 K, right — the horn looking to zbnthe
ground is assumed warm with 290 K also. The besitehs to set 45 degrees of elevation when a waaih

is present, then the main beam of horn could beemavider. In practical measurements the left peckig.

2 corresponds to a model when the horn placed aoking to the sky from window in laboratory, for
example. Recommended linear sizes of wall and grdfuihey are made artificially should be about 84r
higher for 10 GHZ; the horn should be placed at the corner of wadl ground planes.

Taky ~ 10K Taky ~ 10K
Tgnd ~ 290 K Tgnd ~ 290K

Fig. 2. Two possible situations in Cold Horn measwents: left — the horn placed near a wall with i@mtttemperature about
290 K, right — the horn looking to zenith, no anglWpresent. | is assumed the Sky has a noise tatyse about 10 K at 10
GHz.

° Note that the lowest limit of cosmic temperatunewdd beT,,; exactly.
19| can imagine a variety of possible artificial ¥8alThey could be useful for EMI protection, ashiekl from the Sun etc.



Two horn’s positions are different also by addidbnoise that the horn collects from warm wall gnolund.
When the wall present there is also a differendevéen horn polarizations; for horizontal polaripati(E-
field directed along the corner of wall) this noisrially lower than for vertical one due to peaitiies of the
far field pattern. | have calculated noise paramseter several horns using HFSS. As a noise paemiet

used the noise temperature of horn in working pwsitvhen temperature of the ski,, = ;@ can be
defined by integration over the far sphere,
Toom=Tondy :41” [T(0.9)B(6.¢)da, da=sin6dods (6)
sphere

whereT(8,4)=T,,,=290K if 6,4 pointed to the ground or warm wall (otherwiB@,#)= T, =0), S0

the noise from horn’s surroundings has been takem account only. The integration (6) was performed
numerically using HFSS output for the horn’s dinaty G(9,¢), horns are assumed lossless. Results of
calculations are summarized in Table 1, detailéorimation is collected in Appendix 1.

Table 1. Noise parameters of horns.

Horn Thom, K, hori Thom, K, vert Thom, K, to zenith description
Pyramidal short 15.27 21.13 6.9¢ Appendix 1, part A
Pyramidal long, by W1GHZ 7.77 19.48 6.27 Appendix 1, part B
Skobelev short, by W1GHZ 257 4.6 057 Appendix 1, part C
Skobelev long, by RASAQ & RW3BP 2.03 4.32 1.22 Appendix 1, part D

The most of my measurements were made from labgisteindow using short Skobelev hdfnAppendix
1, part C, see also photos at Fig. 3; it has a wida beam, small back- and side-lobes providing geod
noise characteristics. For the best match of tbis with waveguide a short tuning stub in WR90 isectvas
mounted additionally.

Fig. 3. 10 GHz Skobelev horn for NF measurements.

The next is a problem of atmospheric losses ansentihe nature of atmospheric noise is also therfnsky
temperature seen by the horn near grdtioan be expressed in convenient form like

Y Thanks to Andrey RD4HI (sk) for well manufactuteatn.
2 Following to ITU recommendations P.37Radio noise http://www.itu.int/rec/R-REC-P.372/et used the text of September
2013 edition.




_A _A
Tsky = Teff (1_10 10] +Tspace10 10 ’ (7)

where A - pass losses in dB,, - effective temperature of atmosphere, recommernddae for practical
usé?- T, =275K . The pass losses depend on elevatjon

A= Do ®)
siny

wherey - the elevation angle. Zenith attenuatiéy), can be calculated using the data for weather near
ground only (air temperature, relative humidityr pressure). Formula (8) should be used for elemati
angles >5 deg, otherwise the algorithm of calcaretiis more complicated. It is important to notatth
mentioned procedures give the accuracy about 1@gaod applicable for clear weather; the densitipgé
and clouds is usually unknown or hardly to estinita@th good accuracy.
=T

Obviously, T, depends on elevatiof, sky

s = Tay@) . A hor with wide beam receives the sky radiafiam

many of elevation angles simultaneously. Therefahe, total horn temperature can be calculated by
integrations over full sphere,

Tmm=4l [T(6.9)(6.9) dQ=41ﬂ T [G(6.6)d0+ [T, ()G(0.0) dQJ, dQ =sing dadg , (9)

full sphere gnd,wall sky
where the first integral is left part taken whép® are looking to ground or warm wall, and second erto

the sky, the value of,, is usually known for current weather, and the al®n angleyy can be expressed
via anglesd,¢ . These integrations are performed numericallyngisHFSS output for the horn’s

directivity G(9,¢). Calculations by (9) should be done every timel for every weather environment and

conditions occuf. Measurements should be made when the weathédeigsclear, otherwise the impact of
atmosphere on Cold Horn temperature is hardly ptablie.

In addition, there are some losses in horn’s wankeg(local losses); they will rather small if cootiens are
made as short as possible, but able to add tohteniperature up to 1-2 K and should be takenaotount.

Uncertainty of Teoig

Next, | should estimate the uncertaintyTof, for Cold Horn. Possible sources of uncertainty lested in
Table 2, estimations fodT were made from the most of knowledge about thend, lathink the total
uncertainty may be even overestimated. Calculawonsespond to Cold Horn Fig. 3 directed to the B&yn
window in laboratory room, elevation — 45 deg, hontal polarization.
Table 2. Estimations of ., uncertainty. Cold Horn — Appendix 1, part C,
warm wall present, elevation — 45 deg, horizontdhpzation.

Weather (current, dated April 2014): °20(293 K), humidity 29%, pressure 1023 hPa, cleaysébdw

Cosmic noise: Topacet Olgpace= 4.2£ 1.5 K

Atmospheric attenuation (zenith): 0.048 dB (by Iingthodic)

Sky noise (including atmosphere): Tay= 941 K (by integration using horn’s directivity $ky direction)

- from uncertainty of attenuation: Ol = 0.6 K (taken as 10% from atmospheric noise)

- from uncertainty of atmospheric

effective temperaturd : Ol o = 0.6 K (taken as 10% from atmospheric noise)
- additional uncertainty from errors
at small elevation angles: Ol s = 0.3 K (see text)

¥ See ITU recommendations P.6&@enuation by atmospheric gaséstp://www.itu.int/rec/R-REC-P.676/em used the text of
September 2013 edition, Annex 2.

4 Ask me if you are interested in the details otukdtions. | also could help to compose a comparatitool for your horn and
environments.




Total noise of Cold Horn: T.oq= 11.91 K (by integration using horn’s directivityer full sphere)

- uncertainty for the noise added

from ground and warm wall: Ol 4= 0.8 K (estimated as ~ 1/3 form ambient noiselsirdioution)
- possible error of numerical
calculations: Ol um=0.5K
DOl =2 K (RSS summation)
Total for uncertainties: RSS
Total result for Cold Horn: Tood £OT e = 1191+ 2K

The simple formula (8) is applicable at elevatiohsdeg; fortunately, the contribution of atmosphter¢he
total noise of Cold Horn is suppressed at smallaglens due to horn’s directivity, so, errors ofccdations
should be also low. | estimate the contributionmfréow elevations about 0.6 K (10% of atmospheric
contribution), and possible additional error shobkl taken about half of that, ~ 0.3 K. The value of
uncertainty for ambient noise was taken rather ,hagout 1/3 from contribution; the nature of growrd
warm walls as thermal radiators is not well knowsnally, and may be far from Blackbody model.

All listed components of uncertainty were summeéheependent (uncorrelated) by R&®anner,

n 1/2
thotal :Jarlz +5|-22 +"'+5rn2 :(ZJEZJ ’ (10)
i=1

if number of different components 1s. This manner can also be referenced as statigigaimation in
contrast to direct sum of errors, or sum of absslut

OMgas = OT +OT,|+... +[T[ = > [Ty, (10a)
i=1

which is useful to estimate the max possible uagast if some correlations between components sgsemt.

The valueT_,+dl_,= 11.91+ 2 K from Table 2 could be considered as typical fbwscow and for

specified surroundings and feed position. The nobshy measurement days gave close results; dengtio
did not exceed 0.5-1 K, and | suppose the simdatdtbe observed in other climates too.

Hot Source and notes on measurements

The most of my measurements were made with wavegudévices, so | have chosen a dummy load at
ambient temperature to serve as the Hot Sourcefriged. The low VSWR, about 1.1 or less for 10 GHz
should be an advantage, so tl
mismatch uncertainty will be
not too high even for ambien
temperatures about 290 K.

Block diagrams at Fig. 5
illustrate the process, sequen:
of measurements and structu
of equipment used for.
Comments about parts of th
system are following:

1. Device Under Test (LNA,

RX module 10 GHz, etc). One

needs to know the input VSWF

of DUT for proper estimation

of measurement uncertainty.
The cold and hot sources, i.e.
properly placed horn and dummy load (matched WR®&@inhator) are changed to measure RX output levels
for Y-factor ratio.

Fig. 4. Dummy loads, waveguide size WR90.

5 Root Sum of Squares.



SKY MEASUREMENTS
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Horn to sky

WAVEGUIDE
NPT CRANGE DUMMY LOAD MEASUREMENTS -
S indication
Noise meter : T
| :]: LNA I%L(JT dul ——| Converter — (measuring receiver, = g:ver_e::glng =
( HESLL=lL RMS detector, etc) clredl -
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Fig. 5. Schematic (block diagrams) for Noise Figmeasurements by Cold Horn.

One may use a waveguide SPDT switch for quick chewer, but losses in the switch should be knowrn \gibod accuracy; they impact on DUT NF
immediately. Moreover, VSWR of DUT should be measuwith the switch installed at the input; and jtlegs VSWR should be used for calculations of
mismatch losses and uncertainty.

| practiced a simple manual change from horn tomyrioad using screwdriver; but it requires at lesesteral minutes, and a gain drift of measuremgstem
may appear and become significant. This leadsddiadal errors in Y-factor, and, therefore, errordinal result. What to do with the gain drifte&Appendix
2 where | have noted my experience.

2. Converter is needed to shift the noise specfram 10 GHz to lower frequencies for better accyratdetection. Moreover, some frequency selectind
limiting of receiving bandwidth also needed; anslagpossible solution, one may use for that a dbditers at lower frequencies. | would recommendise
an isolator at the input of converter to providgoad load for DUT and better stability.

3. About measuring receiver. As a possible solytiore can use high accuracy true RMS detectorslinigar voltage output. A good way is to use sgexad

IF modules-radiometers for Radio Astrondfhythis solves also the next problem — averagingiaditation. Up to 2015-2016 | used old measuriacgiver
with BW=120 kHz, IF=704 MHz with known range of darity (instrumental error about 0.2 dB) and usangraging circuits at receiver’s output. Next, as a
modern replacement, | used SDR receiver BladeRANuthd with specially written Noise Meter prograrenjoying higher measurement bandwidth (up to 28
MHz), possibility to use higher IF up to 3.8 GHigarly done and controlled averaging with predefiaecuracy, and convenient indication.

6 See IF modules by CT1DMHKttp://www.cupidotech.com/prod.htptittp://www.gsl.net/ctldmk/rad2.html
7 Written on LabVIEW and using MATLAB scripts enckasto BladeRF.




4. Averaging circuits are needed if RMS detectorsinilar with voltage output is used. The receiver
bandwidth defines a spectrum of noise at outpu;gbwer of this noise should be properly measuted.
noise with limited spectrum is no more the Whitadéo close samples of signal may be correlated sant
noise may be characterized by correlation

time. For practice there is a minimal tin — ' v
between independent (or uncorrelate 10k N Q
samples of noise signal; and when t meas. RX Lo Loowr Lo Loor "
bandwidth is lower such samples shot =—— 1_ 1_ 1_ 1_

be rarer, and to collect required numbe..
of independent samples for RMSFig. 6. Averaging RC circuit at the measuring reeeobutput.
averaging one needs a longer time. The
relative accuracy when the noise power
(or temperature) is measured with averaging timean be expressed'as
or 1
T JiAf°
where Af - noise or RX bandwidth. | used a simple RC ciratiithe detector output for averaging, see Fig. 6;
a higher capacity in the circuit leads to betteruaacy, but the measurement time and transienonsspwill

be longer also. The estimation of measurement tiamebe done using the duration of transient resgpohs
averaging circuit,

(11)

Fe= -l T (12)
2 T

. or . .
for relative power accuracyF. The value ofRC may be chosen reaching a compromise between better

stability of voltage readouts and shorter transiesponse, recommended valR€ = 27 or higher.

There are true RMS detectors with specially reconaed averaging filters suitable for their schemda@ne
should also note that detectors with linear voltaggput (not logarithmic) are correct for use ifareraging
circuit will be connected after; the cause is tnarage and logarithm do not commute, result dependhe
sequence of these operations.

5. An indication may be performed using just highpedance voltmeter if the RMS type detector with
averaging circuit is used. As one can see, thezeaapther ways to solve the problem of noise power
measurement and indication.

NF and uncertainty calculator

Computations of NF with uncertainty are cumbersomdittle, and | have collected them in special
calculatot®. It is based on Excel spreadsheet and uses VBAsfand Basic code in macros see Fig. 7, so the
macros should be enabled in Excel. See below fonotgs about functions, features and sequencetiohar
inner procedures of the calculator described shat$o. Equations and formulas for procedures in the
calculator are collected in Appendix 3.

1. Noise Figure is calculated according equatignddmputations of uncertainty uses an extendesioeiof
(3) including Y-factor uncertainty, see AppendixP3eviously calculated (without correction to lot@dses

and mismatch)l_, andT,, should be entered in the main form; this form &led by "Tx and NF
calculations" button. Fof_,, one enter a value by integration over the sky emdronments according (9)

with uncertainty estimation; fof,, one enters the data according thermometer onuimeny load or nearby
with uncertainty estimation.

18 See for instance Thomas L. Wilson, Kristen Rohfiasanne Huttemeistefpols of Radio Astronomypringer-Verlag Berlin
Heidelberg 2009, pages 68-69.

9 Can be downloaded fromttp://www.vhfdx.ru/faylyi/view-details/radiolyutéiskie-raschetyi/coldhornor ask me for latest
version. Any questions how to use are highly weleom




Y-factor should be measured previously too; theiwabith uncertainty should be entered in the marmf
There are options to enter Y as a linear rationaB; the linear ratio can be calculated usingagstoutputs
from measuring receiver detector, see Fig. 8; gmsér readouts from voltmeter. Uncertainty of Ytfads
calculated form individual uncertainties of voltage

2. Losses in horn and connecting waveguide (lwsses) can be accounted next; corresponding aumscti
are called by button "Attenuation & losses". Onewt enter the temperature of waveguide and attemja
see secondary forms at Fig. 8.

1

2 4
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5 |

6 | Uncertainties.
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22
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Fig. 7. Spreadsheet of Cold Horn calculator. Reduolt Test LNA 10 GHz.
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Absalute (max) unce Write to list and Close Absolute (max) uncer{ T; 1 Write to list and Close
‘ subrit (fchecked) adose |

Fig. 8. Secondary forms of Cold Horn calculator.

3. Next the mismatch correction should be donemdish form is called by clicking the area rightTig,
uncertainty. Corrections to,,,, T,,, and their uncertainties will be implemented ifresponding checkbox
is marked; | recommend to tredt,, T,, Separately and carefully checking the VSWRs toichgain



mistakes in calculatiorf8. Mismatch corrections are based on equation IKe &dditionally, VSWR
tolerances can be entered if they are known, seergx 3.

4. After that one can look to results for NF anccenainty. Data and results can be copied to Excel
spreadsheet by "Write to list and Close".

The RSS summation of uncertainties (errors) is uefaverywhere in secondary forms; and if the RSS
uncertainty needed only, see second output sttitigeamain form. "Absolute (stat) uncertainty” lag¢ tmain
form correspond to the direct sum@Qf, , T,,, and Y-factor uncertainties. One can choose alsadtrect

summation when computing uncertainties at seconfieinys separately; then the mismatch uncertaintly wi
be added td, T, uncertainties directly.

cold

Test LNA 10 GHz

A special LNA was manufactured for Cold Horn tegtwith single stage NE32584c FET inside, see Fig. 9
All bias voltages are supplied from outside usimghhperformance EMI filters. The input was matched
WR90 waveguide using tuning screws; input VSWR waed as low as possible (less 1.2-1.3), and lowest
Noise Figure is not considered as priority. Reslaitghis LNA are shown at spreadsheet Fig. 7. As can
see, the value of uncertainty about 0.05 dB iseacthle.

Fig. 9. The test LNA 10 GHz.

The Cold Horn procedure gives the Noise FiguraghHerwhole system only. The gain of LNA is aboutdE3
so the impact from the next device on the Noiseueigs expected significant. The Noise Figure @& th
device itself can be obtained using cascaded $iglatiof', but NF or noise temperature of the next
cascade should be known. This procedure is aldedcak deembeding; expected addition to Noise Eigur
uncertainty would be about 0.02 dB if the next sthigr is not exceed 2-2.5 dB with uncertainty up.®dB.

2 There is no the gain erfan the procedure above as it is, but one needfamnation about VSWRs for proper corrections.

2l See (13)-(15) in Application Notéittps://www.rohde-schwarz.com/us/applications/tHiastor-technique-for-noise-figure-
measurements-application-note_56280-15484;hge® (5.24) in Thomas L. Wilson, Kristen Rohlfsis&ne HiuttemeisteTools

of Radio AstronomySpringer-Verlag Berlin Heidelberg 2009, page 88.aldition, one can use free AppCad software,
https://www.broadcom.com/appcadoiseCalc option in menu.




10 GHz devices without input flange or connector

The Cold Horn method is suitable for them too. familevice is shown at photo Fig. 10 this is 10 GINA
reconstructed from old satellite converter "Camgeid with circular polarizatiof?. Feedhorn is not
removable; therefore, to switch between cold artddamls with the procedure above is not possible.

A hot source should be performed without using ey load. | used sheets of SHF absorbing material;
they can be placed in front of horn’s aperture. st absorber available for me was black foans ledth
reflectivity about -26 dB. A small box can be mdrdan these, so, all directions where sky was seethé
feed would be closed by absorber making the "hmtftee. The hot temperatuflg, should be about ambient

by thermometer readouts, but | suppose with a higheertainty taken; | used as initial valuedf,, about

5 K. Reflections of this device are hardly to defihtaken a typical value corresponding to inp&WR=2.
VSWR=1 was entered for "cold" source; for the VSWR"hot" source | used a value corresponding to
reflectivity -26 dB, i.e. about 1.1.

Fig. 10. LNA with permanently attached horn maderfrold Sat converterT‘Cambridge", circular polatiza

The cold temperatur€_,, can be calculated using procedures described albowvaaking into account the

circular polarization of horn. Contribution of arebt thermal noise in corner position (with elevattb deg)
was computed via linear polarizations; they difigr collected noise yet, but the half of horizoraald
vertical powers should contribute to circular o@&cular polarizations, RHCP and LHCP should ndfedi
by collected noise in corner position.

My result for this device NF=0.9+0.15 dB, and seveneasurements within couple of days in January-
February 2014 confirmed this result; uncertaintgasnewhat higher in comparison with my test LNA{ bu
this is a good application of the Cold Horn methbllis LNA was used for lunar monitoring at 10368 &H
Some details about feedhorn are in Appendix 4.

Waveguide source

A more application of the Cold Horn is the laborgtmoise source. It should be calibrated to use in
measurements. Procedure of Cold Horn is rather boatgd, implies a waiting of good weather, every
measurement requires a verification of the horntjposand checking the environment, recalculatiérhe

22 Thanks to Alexey RA3AES for many of his surplusides.



horn temperature etc. | think a laboratory sourgeld be useful when a boring rainy weather out$ate
many days.

A variant of such source is shown on Fig. 11; thist homemade device with reverse-biased diodee{bas
emitter junction of BFQ67 transistor in my casghtipart) matched to waveguide at 10 GHz by screws.
Central part — is a variable attenuator with maeratation about 20 dB. Device under test (LNA)tiached

at the left part. The reference plane is on thiefl@fige of attenuator; available Excess NoisedR@NR) at

the reference plane is about 11-12 dB (with 20 i@ aation).

"« Referencéplane

Fig. 11. Waveguide noise source: central partenatitor ~ 20 dB, right part — solid state noiseegator, left part — LNA under
test.

The source can be calibrated using previously medssystem with test LNA. Expected uncertainty &f N
by Cold Horn for test LNA should not exceed 0.1 ti8s allows to calibrate the source with accuraeiter
0.1-0.2 dB. The known NF of receiver with test Léuld be reproduced using this source and conveadtio
Y-factor method adjusting the value of ENR. Thelration accuracy could be calculated by

In10 \’
Oenrde = \/ O a8 +(1_10—YdB/10j &, *+ 20 surasr Nswras = ma><{i 20|09(1J—’ M q]_sourcel)] , o (13)

where all uncertainties expressed in dB. Equati®) (vas derived from simplified formula for Noisg&re
whenT_, =T,,

Ci

NF = ENR,, ~10log(10%° ~1) (dB)

- , 14
ENR, :10Iog(ThOt TC""‘J, T.q=T, (14)
TO
and just adding the mismatch term with reflectimefGcientsl,,, I, ,.- The Y-factor of conventional

measurements should be known; Y-factor uncertahould be estimated also to get the calibrationracy,
its contribution tod.,, 4 May be significant and even leading. | have paiéss attention above to the

problem of accurate noise measurement including &veraging and checking the linearity errors,Hare it
appears more significant.

Also, the best practice is to provide the same anibiemperature for Cold Hold and conventional
measurements while calibrating the source; alse tiatt ENR value usually referencedlig, =T,=290 . K

Remarks to conclusion

Similar ideas and practices are widely used in &akktronomy and Deep Space Network projects for
calibration of radio telescopes and receiferand there are good fundamentals for Cold HorrhotwetThe

% See for instance DESCANSO Book Series, MacgregoR&d, Low-Noise Systems in the Deep Space Nefw20R8,
https://descanso.jpl.nasa.gov/monograph/series Bptehhtm| see chapter 2.4 and next.




procedure seems rather complicated, especially a$iag contemporary automatic Noise Figure Analyze
but results with lower uncertainty could be expédaad the method itself is a much promising.

There are people (besides Sergey RW3BP and mealsbaised Cold Horn to measure NF, and | should say
a word of appreciation to:

lvan RA3WDK, he used the Cold Horn at 5.7 GHz afdGHZ*in 2009-2015. lvan noted the method is
good for LNA tuning, and results coincide with m@&snents by conventional NF analysers, but he
estimates the minimal NF uncertainty about 0.156®2

Victor UA9FAD, he experimented with long Pasternackn PE9852-20 and dualmode RA3AQ Howat 24
GHz in 2015-2016, and there are projects with feetperature calculations at 24 GHz &iso

My appreciations also for many of people includibgrgey RW3BP for always valuable attention to the
work, Anatoly UAAHTS and his conference VHF-Volganheve this work was first presented, and my
neighbors for long patience while they were obsegnatrange devices installed on the window of apaint
building in Moscow (window of my laboratory up toremer 2017).

Dimitry Fedorov, UA3AVR,
this work dated 2013-2017.

4 See his web pages with LNA projedistp:/ra3wdk.qrz.ru/LNA.htm
%5 Seehttp://www.vhfdx.ru/faylyi/start-download/shemyiepisaniya/ra3aq-round-septum-with-dual-mode-flavenkpdt
% Ask me if 24 GHz temperature calculations arerggng.




Appendix 1

Part A. Pyramidal horn (short).

Horndata: ~ WR90 (23x10)
axial length 28 mm
aperture H 41 mm
aperture E 32 mm
j 2
dB{DirTotal)
1.1934%e+E01
9, B7E3e+EEE
7. 4198 e +EEA
5. 1617 g+E80 Theta
2. 984 Y e+EEE
E. 4715e-E81
-1, G181e+@88
-3, 8E74e+EEE
-6, 1247 e+B68
-8, 3820e+8008
-1.A639=+8081
-1, 2897e+8081 ®
-1, 5154 e+EEH1
-1, 74lle+AE81
-1, 9669e+8081
-2,1926e+801
-2.4185e+801
directivity, dB —Phi=0deg ——Phi=80deg — Phi=180deg —— Phi=270deg
20.00
10.00
000 /1
-10.00 i:::?‘::::::::fif”’ \\\\\
-20.00
0.00 R0.00 100.00 150.00

Theta [deq]




directivity, dB Theta=90 deg

20.00
10.00_ AT
0.00 ]
-10.00 ] \/\v//r\\'/{ﬁﬁ /"_"
-20.00 |
0.00 100.00 200,00 300.00
Phi [deg]
Noise parameters I, = 0):
Toky =0K Taky =0K

Thom = 21.13 K (Vert pol)

Here and after:

Thom — the noise temperature of horn without lossesvilfig = 0 K and ambient temperaturg,d= 290 K;
horizontal polarization (Hor pol) — along the carnéwall and ground, vertical one (Vert pol) acgdke corner,
elevation of horn — 45



Part B. Pyramidal horn (long).

Horn data*: | WR90 (23x10)

axial length 106 mm
aperture H 67 mm
aperture E 47 mm

*sizes by W1GHZ software Hdl_Ant
for parabolic dish f/d=1.

L7977 e+EEE
. R 9 e +EEE
. BaY 1 e +AEE
. 3927 e+EEE
. 7895 e+aEE
-8, 1863 +AE@
. 1585e+0R1
L 49EEe+EEL
837 7e+oRl
177 5e+0R1
LSl78e+Eal
. 8567e+ER1
19E4e+@El
. S36le+olRl
L 8757e+dE1

dB{(DirTotal) z
Theta
¥
Y
Phi
X

. 5591e+@01

. 2195e +@01

directivity, dB — Phi=0deg —— Phi=90deg — Phi=180deg —— Phi=270deg
20,00

0.00

EN
N

0.00 50.00 100.00 150.00
Theta [deg]




directivity, dB
20,00

Theta = 90 deg

/N

0.00

N

Thom = 19.48 K (Vert pol)

10.00 A f\ !/\ f\\//\,—/
20.00
0.0 100.00 200.00 300.00
Phi [deg]
Noise parameters I, = 0):
Tslq.r =0 K Tsk}r =0 K
Thom = 7.77 K (Hor pol) Thom = 6.27 K



Part C. Skobelev horn (short).

Horn data*: | WR90 (23x10)

flare len 71.71 mm 2.48\
flare diaml 52.05 mm 1.8\
flare diam2 37.5¢ mm 1.3A
dual Mode

len 9.00; mm

dual Mode A
diam 29.38 mm 1.016

*sizes by W1GHZ, best f/b and sidelobes,

http://www.w1ghz.org/antbook/conf/optimized_dualreoteedhorns.pdf

dB{DirTotal)

1. 3638e+0E1
1.8875e+8@1
. 6. 5198e+008
2. 964 Ee+0aE

-5. 9849 -aa1
=4. 1456 +288
- =7, 7887 e+880
-1.1256e+881
1. 4511e+a81
-1.8366e+081
-2.1921e+881
-2, 547 6e+BE1
-2.9831e+281
-3, 2587e+B81
-3, Bi4Ze+B81
-3.9697e+881
-4, 3252e+881

directivity, dB

— Phi=0deg —— Phi=90deg

— Phi=180deg

— Phi=270deg

10.00

0.00

-10.00

ped

=7

N

e

0.00

50.00

100

Theta [deg]

00

150




directivity, dB Theta = 90 deg

20,00
. / \
20.00 \/\/\/\//ﬁ\\/\ P
-40.00 _ "
-50.00

000 100.00 200,00 300.00

Phi [deg]
Noise parameters I, = 0):
Tslq.r =0 K Tsk}r =0 K
Thom = 2.57 K (Hor pol) Thom = 0.57 K

Thom=4.6 K (Vert poI)



Part D. Skobelev horn (long, by

RA3AQ&RW3BP).

Horn data*:

flare len 5.01 A
flare diaml 3 A
flare diam2 1.31 A
dual Mode len 0.8 A
dual Mode diam 1.04 A

*see sizes alSth://www.vhfdx.ru/faylyi/view-
details/shemyi-i-opisaniya/holodnyiy-rupor-dlya-igraniya-

koeffitsienta-shuma

dB{DirTotal)

1.8337e+881
1. 4569e+8681

. 1.8881e+861
7.B334e+208
3.

ZESke+BEE
-5, A258=-001
. -4, ?7ERe+BEE
-5, B386:+000
-1, 1807e+E301
-1.5575=+081
-1, 9343e+001
-2, 3111e+B01
-2, BE79=+001
-3, BEYTe+301
-3, 4415e+E81
-3, G183e+001
-4, 195@=+A1

directivity, dB — Phi=0deg —— Phi=90deg — Phi=180deg — Phi=270deg
20.00
ﬂm /\
2000 7@%
40.00 . : : :
0.00 50.00 100.00 150.
Theta [deq]



directivity, dB

20.00.

Theta = 90 deg

10.00

0.00.

-10.00.

Vv

AT
v y oy

Noise parameters I, = 0):

Toky =0K

i

Tgnd= 290 K

Thom = 2.03 K (Hor pol)
Thom = 4.32 K (Vert pol)

200.00 300.00
Phi [deg]
Teky =0K
Tgnd =290 K
Thorn = 122 K



Appendix 2

If the gain drift appears and become significantifme intervals about 5-7 minutes additional pchaes are
needed to refine the measurement data. Followingegoiure was applied for refining data from the esyst
with output detector, averaging circuit and voltaggicator.

1. | performed several measurements with Cold Harthe DUT input, up to 4-5 during a half of hour.
Readouts were marked on the plot, as it shown helowe marks were done also.

mV “cold” level, meas 21.01.2014
actual "cold” level ’_,"/3
820 r —
L ,.-"-#--
810 | 7
800 r f;’;
.-".-.-#
e i 16:48 - "hot” level
790 ’_,.’# readiness mark
/’-—-’-"
. minutes
16:20 16:30 16:40 16:50

2. Next, | interpolated the dots; interpolationvaiis a simple straight line usually, but some esste is
needed about and a plot showing the curve and uwmdovery useful for. The line corresponds to gaa
drift; and this line can be extrapolated furthex, sne can predict a future levels of "cold" readaf so
could be done.

3. After, | installed the Dummy Load; changeoveguiee at least several minutes, and the measureiment
done about 5-7 minutes later, the time of "hot'tleed is marked also.

4. One should define the actual results for "cofdout using mentioned extrapolation, as it showihe
plot. The time of "hot" readout should be considesis a measurement time. A real gain of the systdims
moment is not matter because one only needs tiseafdthot” and "cold” readouts to define an Y-fact

5. For measurement uncertainty, one can use aage@ior RMS deviation of "cold" dots from intergada
line. One could also add the instrumental uncestaoh voltmeter to "hot" and "cold" readouts ancsific
linearity error of detector; but | should warn abgossible overestimations. Relative voltmeter rsrrare
expected the same in a wide range, and will netcafin the Y-factor ratio.



Appendix 3

ColdHorn calculator performs computations basedagumations and formulas:

* for NF and uncertainty —

NF =100bg 142 |, avF=—0 w1 _pgok, T, =T+ T Y
To IN10T, + Tgy Y-1 Y-1

» for Y-factor (Y,; in dB)—

Y =10"%"°, ﬁ: In10 dB !

Y 10
* the common rule foey uncertainty (RSS) y = f (X, X,,...,X,) —
2 2
of of of
= =— XK, | +...+| — X
¥ \/(axl OXJ (GX J (axn j
» the common rule foBy uncertainty (Abs) y = (X, X,,...,X,) —
| of of of
= + K| +...+
¥ ‘6)(15(1 ox, - X, d("‘
» for Ty, uncertainty (RSS) —
1 o Y Y (Toot = Tooa )
O = [oT. 2= o1 2 -1 | +9y2\hot” ‘cod/
RX \/ hot (Y_ )2 cold (Y_lj (Y_1)4
» for Ty, uncertainty (Abs) —
o = 5rhot + aTcoId Y |+ éYTh"‘ _Tcgld
Y-1 Y -1 &
« for RX detectors with voltage output
2
Y thot éY 2 Vhot J\/hot thot J\/cold (RSS) aY - 2 |Vhot J\/hot | hot cold (AbS)
cold Vcild Vcold ’ ‘ Vcold ‘ cold ‘

 for correction due to local lossés,, in horn and waveguide with temperatdrg (L,, in dB) —
_ Lo 110 1y Lat /10
T corrected - Tcold,hot a0 +Tatt [ﬁ]‘ 10 )

cold, hot
» for mismatch correction of temperatures —

T comected (1_ |rsourc42) [&l_ |rRX|2 ) M eord, hot

cold, hot
» for magnitudes of reflection coefficients —
|r J _ VSWBOurce_l | | _ VSWRX _1
U VSWR o +1 T VSWR, +1

for correction of uncertainty due to mismatch (R$g, .., takenbeforemismatch correction-

correctedz(((l_|rsourcelz)[él_|rRX| ) cold, hot)2+4|:|]_sourc RX ((1 |rsourc )[6]‘ |rRX ) cold hot)2

2\ V2

dT,

cold, hot

+((1_|rsourc )%WSWRX cold, hot} {(1 | RX )EIOVSi;)Vﬁ |3\/8\/\/Bource cold, hot}

» for correction of uncertainty due to mismatch (Abg,, ., takenbeforemismatch correction-

OT corrected ‘(1 |rsourc [(]1 |rRX ) cold, hot +2[|]—sourc RX|[&]' |rsourc )[&l |rRX ) coId hot

cold, hot
’ 0 rsourc
| cold, hot (1 | RX| ) aV|SW8ﬂurce |]y\/SWBourc

[OVSWR, | T,

cold, hot

(1 e ) dVSWR,



Appendix 4

L NA with circular polarization, Cambridge feedhorn

B

=Trm—

dB{DirTotal)

1, 2546e+B8E1
9. G543 +808
. 7 2225e+B0E
4. S6E S e +B0E

1. 5994 & +B0E

-7, BE7Ee-BEl
- -3 4245e+EE80
-G, B363e+E88
-8, 7438 e+BE8
-1. 1418e+881
-1. 487 2e+081
-1, 6733e+881
-1.9395e+881
-2, 2857 e+EE1
-2, 4719e+881
-2, 7360e+0E1
-3, 8842 e+E81

2

g
ﬁlEt&

Theta

Noise parameters {J, = 0):

J-

T5|ﬁf =0 K
Thom = 11.66 K (Circ pol, RHCP or LHCP)

Thom = 8.29 K (Hor pol)
Thom= 15.03 K (Vert pol)

I'md=1‘9ﬂll



