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Abstract

This paper outlines the design and construction of a system similar to whaeémay b
connected between a proposed zigzag antenna and the first LNA in an elenme®Kd&f adopting
the Luneburg Lens approach. It is also the objective of this paper to outlineedymoby which
the noise temperature of candidate LNAs and the first stage matching &i{Ahean be
measured. The procedure described has been specifically designed so thae tteenpaisature of
LNAs with non standard input impedances can be measured. Thedshections required by
commercial noise figure meters do not allow for a non standard impedance.

Introduction
CSIRO’s SKA team are investigating the increase in thermal noik@pance of an uncooled
front end operating with a non standard input impedance other tafilh0rhe paper outlines the
design and construction of a possible front end system operating between 1 and 5 @GHibtbat
to provide a transformation from a Z0nbalanced termination required by the antenna td@a 50
balanced termination required by a standard LNA. The resulting systebalisrdtaper
combination. The 50 termination was used for this prototype, however, transformation to a non
standard impedance can be achieved by following the same method. The perfdrasaneen
tested and results are presented.

The paper also outlines a procedure by which the noise temperature of an LNA or
balun/taper/LNA combination can be measured. It is recommended that the systatinad in
this paper be used to measure the noise temperature when an LNA of statdangp&@ance is
used. This will allow the measurement procedure to be evaluated. The systemuwséld in two
situations. The first situation will allow the system to connect to an expeahsrienna. The
second situation will allow for connection to a resistor that will be used as a ddbeahal noise
source for noise temperature measurement. This paper will concentrateaitetrstlation

Description of required System

The System

The system will be used in two different situations. These are the FieldiMpaent situation in
which the system is connected to an experimental zigzag antenna and the Benobrivkyas
situation in which the system is connected to a resistor.

The field measurement system will provide a means by which the performahee of
proposed front end can be tested. It will also provide a means by which noise figbee w
measured as the zigzag antenna is directed at hot and cold sources.

The bench measurement system has been constructed. By heating and coolingra thin fil
chip resistor acting as a noise source, noise power measurements can bhedaken by using the
Y factor method [9], noise temperature can be calculated.

Both systems are similar in that they are both initially required to tnanghe 200 ohm
antenna impedance down to the standard 50 ohms required by a standard LNA. Both $g@stems a
require a balun so that the balanced termination required by the antenna can dxerteainsf the
unbalanced coaxial termination required by an LNA.




Field Measurement

The field measurement apparatus consists of:

i)
i)
ii)

iv)

v)

A broadband zigzag antenna as the noise source,

an LNA as the device under test,

a coaxial ‘cutaway’ balun to transform the balanced wire system from thenant

terminals to an unbalanced coaxial terminal required by the LNA,

a taper to go between the antenna and balun terminals to provide the correct physical
spacing and correct impedance match,

a power meter connected to the output of the LNA so that noise figure can be measured.

%

\/\

AVAY I e e e e B

:

Tapered Power
; Meter
Zigzag Section

Antenna 2000:1300

Figure 1.

Bench Measurement

The bench measurement apparatus consists of:

i)
i)
ii)

iv)

v)

a chip of 180 ohms to act as the noise source and to simulate the zigzag antenna’s
impedance,

an LNA as the device under test,

the same ‘cutaway’ balun as used in the field measurement,

a taper to go between the resistor and balun terminals to provide the correzlphysi
spacing and correct impedance match,

the same power meter as used in the field measurement.
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Descript

ion and Design of System Components

Zigzag an

tenna

The antenna is broadband and covers the 1-5GHz frequency range of interest. The zigza
antenna is predicted to have a nominal input impedance of approximately 200 ohms. The input

impedanc

e of the antenna is expected to vary by a small amount in harmony withaitieipeof

the zigzag structure as the frequency is varied. The main beam iakialantenna and radiates
in the direction of its apex.



LNA

A commercially available LNA with 50 ohm input and output impedance will be used for
initial testing. By later altering the impedance transformation, thiesycan be matched to the
impedance required at the input of a non standard LNA to provide a means to measur its nois
temperature.

Balun

The balun was constructed from of a piece of rigi@ 80ax. The dielectric material has a
dielectric constant of 1.5 that was determined from measurements obtbs damensions. The
loss tangent is unknown. The cable has an outer conductor of aluminium and an inner conductor of
copper.
Approximate dimensions are:
ID = 8.23mm,
OD =9.6mm,
Centre Conductor Diameter = 2.97mm,
Outer Conductor Thickness = 0.7mm.

The balun has two functions: to transform a balanced system to an unbalanced sgstem a
to provide some impedance transformation. This is achieved by cutting a slotoathend
gradually widening the slot down its length until two parallel balanced conduetoesr with the
height of the remaining shield being equal to the diameter of the centre @ndéache end of the
balun the slot angle is 323 degrees. Transition from a balanced to an unbalanced aydismwad
by the tapered geometry of the slotted coax that ensures that all cureegrtadarally confined to
the inside surface of the coax when the unbalanced terminal is reached [2].

The rate at which the slot is widened down the length of the coax is determined by th
required characteristic impedance contour of the impedance transformatiohafheteristic
impedance contour is determined by the ‘Klopfenstein Taper’ [3] that is optimura gehse that
it has minimum reflection coefficient in its pass band for a specified lengdpe.

The chosen length of the taper was 20cm and at the lowest frequency of 1 &Hz thi
corresponds to 2/3 of a wavelength. With the balun incorporating the Klopfenstein taper the
maximum expected reflection coefficient at frequencies above 1 GHz is 2.1®lafians for the
Klopfenstein taper were performed using an iterative process on compuotethesmethod in [4].

Determination of the characteristic impedance of slotted coax wamdetd from the
design equations provided in [2]. The dielectric constant of 1.5 was substituted faor the ali
permittivity that was used in the paper and a new set of design curves were drawn. A
approximation was made here because the permittivity associated withitreetpsation is that
of the entire environment surrounding the slotted coax and is not restricted to tla¢ diedectric.
The effect of this approximation was modelled for the case where the feetddhbeast
containment i.e. at the end of the balun where the slot angle is 323 degrees. Thediffere
characteristic impedance between the case where the diel#lei¢He entire environment and the
case where the dielectric was restricted to the coaxial dieleas only 7 ohms. This was not
considered significant and the approximation was deemed satisfactory.

The required Klopfenstein Taper and the impedance of the slotted coaxial eatpleearin
the figure 3 and 4 respectively.



Figure 3.
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Characteristic Impedance of Slotted Coax (Zo =50 ohm, er = 1.5)
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From the curves it can be seen that with a slot angle of 323 degrees thesokticact
impedance is 130 ohms, however, the required impedance at the antenna is 200 ohms. In order to
transform from 50 to 200 ohms it is necessary to continue the Klopfenstein taper iajuetteel t
section between the balun and resistor. i.e. The balun will contain that part of tdamcgpe
contour between 50 and 130 ohms and the tapered section will contain that part of the impedance
contour between 130 and 200 ohms. This corresponds to the balun containing the first 127mm of
the taper. The function of the slot angle with respect to the distance along the balnmismated
as two linear sections and was determined from a combination of the results stoguré 3 and
Figure 4. This is shown in figure 5.



Figure 5.
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The design drawing of the balun is shown in Appendix A.

Construction

To cut away the slot in the coax a number of different construction techniques were
attempted. Some had more success than others.

To cut away the slot in the coax, one chosen method was to etch the required pattern with
hydrochloric acid. A template was made on a piece of paper and this was wrapped aroahtéthe
so that the pattern could be scribed on the surface with a knife. A number of methods tltemas
desired portion of the cable were tried with varying levels of success.

The first method attempted involved dipping the cable in molten wax. The pattern that was
previously scribed on the cable was still visible through the wax and this allowedninatef
the wax with a small knife. With the undesired portion of the aluminium now exposed the cable
was then immersed in 33% hydrochloric acid solution. This method, however, was gaBucce
The principal reason being that the localised heating generated by tth@reaased the wax to
soften and this resulted in unacceptable under etching and in some cases, completierestruc
the mask.

Other masking materials were tried. Flexible PVC tape was tried Veowecalized
heating also caused the tape to come away at the edges, although in sombe&ichsias very
clean. It is thought that using a weaker acid solution may produce better irethikscase. Other
masking materials tried were Dulux flat black enamel spray paint and paplig resist. Before
coating an outline of the required slot was masked on the coax with 1.27mm crepeyragskin
The enamel paint was applied by spraying and the photographic resist wad bgmipping. In
both cases after coating, the tape was removed to expose bare aluminium in the thieagletof
perimeter. In the case where the photographic resist was used, the balun e bake
approximately 80C for about one hour in an attempt to harden the coating. Unfortunately the
masking material in both cases was destroyed through the etching proceswmnmbepaint flaked
off in sections and the photographic resist withstood the acid for some time befanetoes It is
thought, however, that air bubbles in the resist coating may have been a contrilotbingpfes
failure. It may be possible that good results can be achieved if the photogratisrerushed on
to provide a thinner more uniform coating.



Other surface coatings for use as a mask may need to be tried in future. Aditsitype
paint has been suggested.

Figure 6 — Some failed etching attempts. The black coating is enamel paint, the red oating
photographic resi_st. -

The balun that has been produced was constructed using a paper template that veas wrapp
around the cable. Exposed aluminium was then removed carefully using a rough bladed hacksaw
and any excesses removed by filing. Care was taken to minimise damagelielectric material
during cutting.

Chip Resistor
The resistive termination consists of a @3Min film chip resistor. The resistor is ‘State of

the Art’ size SO402 approximately corresponding to dimensions of 0.25mm x 0.5mm. St resi
is mounted on the end of the taper on the PCB.

Taper from balun to chip resistor

The taper from balun to chip resistor consists of two parallel plates etchedngiessgied
PCB with 0.762mm substrate thickness and 17um conductor thickness (Rogers RT duroid 6002).
Dielectric constant is 2.94 and loss tangent 0.0012. The taper provides a reduction in conductor
spacing from 3mm at the balun terminal down to 1mm at the chip resistor. The saperoaides
the remainder of the Klopfenstein impedance contour from 130 to 200 ohms. At the interface
between the balun and the PCB the two parts were soldered together. This nagidrirdid have
some effect on the system performance but satisfactory results Werbtatned.

Design of the taper

The PCB taper is supposed to provide that part of the Klopfenstein taper betw@eanti30
200Q. For this requirement the taper is 7.35 cm long. A number of points along the taper were
defined. The positions of these points are shown in figure 7 below.




Figure 7.
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From the results displayed in figure 3 the required impedances along the éagleo\an in
Table 1.

Table 1.
Point no. [Distance from pt.1 (cm) |Required Z
1 0 130
2 0.35 134
3 1.35 146
4 2.35 158
5 3.35 168
6 4.35 178
7 5.35 186
8 6.35 191
9 7.35 196
10Termination 200

To determine the correct track widths and spacing a finite difference tvemsiiomal
(FD2D) field solving program was used [5]. The program allowed the entry of a tvensional
cross section of an arbitrary line into its graphical interface. This alloineegeometry of the
substrate and conductors to be specified. The required characteristic impedsande point along
the taper was obtained by varying the width and spacing of the tracks bydriedrar. The results
obtained by the program are shown in Table 2.

Table 2.
point no. |Z obtained|L (uH/m) [C (pF/m) |V (x10°'m/ s)\w (mm) s (mm)
1 130, 0.5027| 29.85 2.58 6.7 3
2 136 0.55 29.7 2.57 5 2.9
3 148 0.5853 26.42 2.54 4 2.6
4 161 0.62 23.9 2.48 3 2.3
5 169 0.6846 25.22 241 2 2
6 178 0.757 23.88 2.35 1.6 1.75
7 187] 0.7887| 22.63 2.37 1.25 1.5
8 193 0.8239 22.04 2.35 1 1.25
9 195 0.8514 22.59 2.28 0.7 1]
10 201 0.8884 21.96 2.26 0.62 1]
Where:

L is the distributed inductance,
C is the distributed capacitance,
v is the velocity of propagation,
W is the width of the tracks and,
s is the spacing between tracks.



Construction of the Taper

The Taper was photographically etched on a 100mm x 40 mm piece of Rogers RT Duroid
6002 board. The mask required for etching was drawn in Solidworks and printed black onto a
transparency sheet with a colour printer.

Calculating the Loss in the PCB Taper

In order to determine the loss in the PCB taper it is necessary to form sormensofiza
the loss in terms of the variables provided by the FD2D program in Table 2. Thegstaf the
PCB taper is contributed to by the dielectric loss and the conductor loss. From flethmtion
constant in dB/metre is given by:

a-= (4345 ; 4.34GZO]dB/ m o (1)

0
where:

R is the distributed resistance of the lin€im,
G is the distributed conductance of the line in S/m

4342B is the conductor loss  .......... (1a)
0

434GZ, is the dielectric loss.  .......... (1b)

1. Calculation of the Distributed Resistance R

Equation (6.30) in [7] can be modified to suit tteometry of the cross section for the taper to
give the distributed resistance of a single conatuct

o =58MS/m for copper,
U, 1S the permeability of free space,

2W is twice the width of a track. i.e. The approatecross sectional perimeter of the track is used
in accordance with the above assumption.

Because there are two lines in the taper it is sy to multiphR;, . in (2) by 2 and use
the proximity factor P determined as in appendigrahe calculation of R:
R
=—=P ... 3
™ 3)

Combining (2a) with (3) the required expressionRais obtained:

o ()
R=127 p

wW




2. Calculation of the distributed conductance G

From equation (3.10) in [6] the distributed conduncie can be calculated by:
G=2/Ctand,,  .......... (5)

Wheretand,is the equivalent loss tangent at a point alonditigei.e. it is a combination of the

loss tangent of the atand,, =0, and the loss tangent of the substratd, that has the equivalent
effect of a uniform dielectric at that point.

Equation (3.11) in [6] can be converted to a maeb#ary form useful for our purposes so that the
equivalent loss tangent can be found in term&o®, , £, and &,

E [ Eeq1
tand,, = — tand,. ..........(6)
Eq\ 1

eq s
Where:
&, is the dielectric constant of the substrate,

£, IS the equivalent dielectric constant at a polobg the line. i.e. It is the combination of the ai

dielectric constant,, =1 and substrate dielectric constaptat a point along the line that has the
equivalent effect of a uniform dielectric at thairg.

£.,Can be determined if the velocity of propagaticat @ point along the line is known.
2
c
Eeq = (—j .......... (7)
v
Where c is the velocity of light.

Substituting (7) into (6) and then (6) into (5) tleguired expression in terms @nJ, , £;, and v is
obtained:

2
27fCe, (1 - (\Q ] tano,

G= P O (8)

3. Determination of Conductor Loss, Dielectric Loss, and Attenuation Consaint

Substituting (4) into (1a) the conductor loss isagied.
T,

LOSS,uctor = 434WLZP (dB/metre)  .......... 9

Substituting (8) into (1b) the dielectric loss #ained.

2
27fCe, [1— [Vj }tand'S
c

£ -1

LOSSjeiectic = 434Z, (dB/metre) .......... (10)

Addition of (9) and (10) yields the total loss betattenuation constaatin dB/metre.
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4. Results
To approximate the total loss of the taper, thetapas broken up into elements. Each element was
assigned the data from a point as shown in figusel8w:
Figure 8.

Numerical values of the required variables aremiveTable 2. Some other required values are:
£,=2.94,

tand, =0.0012,

o =58MS/m,

U, = 4mrx107,

c=3x10°m/s

Table 3 shows some intermediate results for thedafculations. Results are given for each

element in the taper. The proximity factor valuesewvcalculated as in Appendix 2.
Table 3.

LOSSnducto
G/f R/ Element | -0SSieearc |(dB/\/Hz)

Element no/éeq |@N%q |(simicHy p |(@/m/H) Length (cm)|(dB/GH2)
2| 1.36/0.000484| 9.03E-05 1.91] 9.98E-05 0.35/0.000187| 1.11E-08
3 1.39/0.000512 8.5E-05 1.78 0.000117 1/0.000546| 3.42E-08
4] 1.46/0.000576| 8.65E-05 1.83] 0.000159 1/ 0.000604| 4.29E-08
5 1.550.000649 0.000103 1.73 0.000226 1/0.000754| 5.8E-08
6] 1.630.000701 0.000105 1.75/ 0.000285 1/0.000812| 6.95E-08
7| 1.610.000686] 9.76E-05 1.71] 0.000358 1/0.000792| 8.31E-08
8 1.630.000706] 9.77E-05 1.67| 0.000437 1/0.000818| 9.83E-08
9 1.730.000768 0.000109 1.68 0.000627 1/0.000923 1.4E-07
10| 1.76/0.000783 0.000108 1.58 0.000666 2,0.001885| 2.88E-07
total 0.007321| 8.24E-07|

Table 4 shows results for the Dielectric loss, Gandr loss, and total loss over the entire PCB
taper for frequencies between 1 and 5 GHz. Thé éolamn gives an indication of a loss per unit
length.



Table 4.

frequency (GHz)Dielectric loss in PCB (dB)/Conductor Loss in PCB (dB)[Total Loss in PCB (dB)dB/m
1 0.007 0.026 0.033] 0.36
2 0.015 0.037 0.052] 0.55
3 0.022 0.045 0.067| 0.72
4 0.029 0.052 0.081] 0.87
5 0.037 0.058 0.095] 1.01

Note: In microstrip transmission lines it is norigadxpected that the dielectric loss will supercede
the conductor loss at around the frequencies shiowable 4. This, however, is not the case in the
results shown in Table 4 for an open wire PCB ceotatuigeometry. There are three reasons for
this:
I. The PC board has low loss.
il. The geometry of the open wire line on the PCB mélaaisa large proportion of the
field is in air as well as in the PCB and this regiithe dielectric loss.
iii. The wide flat conductors of the line cause theenis to be less evenly distributed in
the conductors and this results in an increaseximity factor and therefore increased
conductor loss.

Modelling of the Heat Conduction when the noisersets heated and cooled

Concerns were raised in regard to the heating aaling of the LNA as a result of heat
conduction through the taper and balun when theensource is heated and cooled.
Recommendations were made that involved buildisgaiion of the taper from copper plated
stainless steel that has a much lower thermal adivily to act as a thermal barrier. The heat
conduction was approximately modeled using Fowgi®ne Dimensional Heat Transfer Equation
for a finite bar with fixed end temperatures [8].

Derivation of the model can be found in [8]. Thedebprovides a conservative (worst
case) indication of the heat distribution alongléregth ‘x’ of the taper and balun at different éisn
‘.

1. Assumptions and Approximations

i. Modelling the bench measurement apparatus as adthin

The measurement apparatus is considered to be eothupon which Fourier's One
dimensional heat transfer equation can be applied.temperature distribution is only
considered in one dimension (over the rod’s lenigthihis model. No consideration is given to
the cross sectional area of the rod. This can be ddhe constant of thermal permissivity

(m? /s) for the material is used which takes into accdlietcorresponding increase in thermal
mass due to an increased cross sectional area.

il. Fixed End temperatures

Each end is of the rod is held at a fixed tempeeaflihis is absolutely true only at the chip
resistor that is heated or cooled to a fixed termpee. The bar however is made sufficiently
long (1m) so that the other end (fixed at room terafure) is kept a sufficient distance from the
point at which the LNA is located (approx 0.25mnfrdche chip resistor) to prevent it from
affecting the temperature at this point. Lookinghat final plot of the temperature distribution
over time it can be seen that the rod is at a eoh298K for the times shown over a
considerable distance from the 1m fixed end tempergoint. This assumption has increased
credibility when the thermal mass of the apparé&toanecting cables and power meter) is



considered. We can safely assume therefore that dtwout 0.4m and greater the temperature is
a constant 298K and the fixed end temperature gssumcan be applied to both ends.

iii. The rod is laterally insulated

The model takes no account of heat radiation ovection from the rod to the surrounding
environment. As we are concerned about minimizieat lransfer to the LNA we are interested
in a conservative estimate of the LNA temperatBexause the bench measurement apparatus
is originally at 298K ambient temperature, the madé give us a conservative or worst case
estimate. Heat transfer to the LNA is thereforedted to be even less than that indicated by
the model.

iv. The thermal permissivity for the whole apparatuslken as that of copper.

Although the apparatus is constructed from botmalium and copper as well as other
materials, the thermal permissivity of the enttreicture is taken as that of copper. This is
because it has the greatest permissivity of alhthéerials used in the balun/taper. Because we
are requiring a conservative estimate this wilblsatisfactory assumption.

2. Variables used in the model
u, = 77K — temperature of the chip resistor noise@au/ 7K is the most distant temperature
from the ambient that will be used in the experitraard will therefore have the greatest effect
on heat conduction in the apparatus

ug = 298K — Other end temperature (ambient)
u,= 298K — initial temperature of the apparatus (a&mbi
L = 1m - length of the rod

a®=0.000117° /s — thermal permissivity of copper
3. The Model

After derivation, the heat distribution along xdéterent times t is given by:

—a’n’t
HeatDistrbution(x,t) = > C, sin(nTane L+ (%)x +U,
wheree. (12)

Cn — 2(uL _UO)[(_l)n _1]+2(UR _UL)(_l)n
nrir nrir

Substituting in the variables and constants antlatiag for the times t = 20, 40, 60 and 80
seconds and plotting over the length x resultdénsblution given in figure 9. The heat distribatio
at 20s is the dark blue line and at 40s it is gegenThe plot has been produced with the aid of
MATLAB. The code is in appendix 3 and is basedlmdode provided in [8]. It can be seen from
the plot that after 20s (a time that is consider@elquate for a noise figure measurement) the
temperature at the LNA (x = 0.30m) has changedeby than one degree. It can be concluded,
therefore, that a stainless steel thermal barsiaot necessary in the construction of the taper.



Figure 9.

Bar Temperature Distribution Over Time
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Bracket and Clamp

A simple bracket and clamp was constructed fromgli@cas a means for providing
mechanical rigidity between the balun and PCB tapeis protects the system from breakage and
also ensures repeatable results when measurememtsde. Care was taken to avoid having the
acrylic in close proximity to conductors where daracteristic impedance would be significantly
altered or where the high loss tangent of the acnyhaterial might increase the system loss. Having
any acrylic material in close proximity to the cometbrs of the PCB taper would significantly
effect the loss. A gap is therefore provided inlthecket at the PCB connection point as shown in
the figure 11.
Figure 10.— The completed balun/taper




Figure 11. —The underside of the balun/taper. The shape dbrheket can be seen. Notice the gap
at the point where the balun connects to the PCB.

Performance Results
A number of tests were performed on the balun/tafieese included:
1. Return loss of balun/taper with bracket. Terminat&ti a short circuit.
2. Return loss of balun/taper without bracket. Terr@davith a short circuit.
3. Return loss of balun/taper with bracket. Terminatét 1800.
4. Return loss of balun/taper without bracket. Terredavith 18@.

For the short circuit terminations, a solder brieges formed at the end of the PCB taper. For the
180Q termination, a 180 chip resistor was soldered to the end of the RapBrt

Measurements were performed using an RF bridgeeadlsttometer. A diagram of the setup is
shown in figure 12.

Figure 12
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The results for tests 1 and 2 are shown in fig@eResults for Test 1 are indicated by the
blue line and results for Test 2 are indicatedhgyred line. From this, an indication of the
magnitude of loss in the balun/taper can be obtkiBecause the system is terminated in a short
circuit, all power should be reflected and ide#tlg reflectometer should register a 0dB return.loss
Because losses have occurred as the fields trawvalds the termination and back towards the
load, the reflectometer registers the amount of dr the return trip of the signal. In theor th
loss of the balun/taper is half the loss registérgthe reflectometer. In practice however, there
have been some losses due to radiation and a Egghof power due to some current flowing
down the outside of the coax. Looking at the figliBebelow it can be seen that the presence of the
bracket did not significantly affect the loss oé tsystem. The loss is estimated at about 0.2dB.

Figure 13.
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The results for tests 3 and 4 are shown in figureThe results for Test 3 are indicated by
the blue line and the results for Test 4 are irtdtdy the red line. The return loss appears to be
around —14 dB over the frequency range, correspgrai a voltage reflection coefficient of 20%
and an SWR of 1.5.



Figure 14.
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The Klopfenstein Taper used in the system was dedigo that the voltage reflection
coefficient would not exceed 2%, however, thereaanember of reasons why this target has not
been reached.

The transition from the coaxial balun to the PCletaresults in an abrupt change in the
geometry of both the conductors and the dieledReflections would occur at this point
The taper was designed to terminate in(20lowever, 180 is the closest value
available. Even if the taper was perfect, the mtsihhaaused by this 18Dresistor on its
own would result in a 5.2% reflection coefficientish already exceeds the 2.1%
specified in the taper design.

The balun was constructed from hand tools and ateuwealisation of the Klopfenstein
taper was difficult to obtain. It is predicted thlaé etching process would provide a
more accurate representation of the Klopfenstepet.a

It is thought that the track widths of the PCB tage slightly in error near the point
where the coaxial balun connects at points 1, @, 3fsee figure7). It is believed that
the simulation software was not allowed to perfoine adequate number of iterations
required for the solution to converge completelyhis section of the taper. This,
however, may not be detrimental to the system p@dace since the track widths are
narrower than that required for the specified ctimréstic impedance at these points.
This may provide some compensation for the abrbbphge in geometry at the
connection point between the balun and taper byaiad the capacitance at this point.

Performance Evaluation

In general the balun/taper has performed wellxliats low loss and the return loss of
approximately —14dB is a relatively good resulte iheasing thing about these results is the
robustness of the design. That is, the balun wastaoacted from fairly rudimentary techniques
not associated with high precision, the chip residbes not provide the ideal match and there



is the presence of the abrupt transition. Desflithia the performance is good. This indicates
that performance can be easily improved if moreipesconstruction methods are used.

Making the Noise Temperature Measurements

Theory behind noise measurement and errors

To determine the noise temperature of a certaiicdetis necessary to take at least two
measurements of noise power at the output of theel@nder test with the noise source at two
different temperatures. Making the measurementsinregja setup similar to that shown in Figure
15.

Figure 15.
Noise Transmission Device —
Source line and /or Under Test Transmission
appropriate line
matching
Power
meter
r B

S |

The method used to determine the noise temperstbesed on the Y factor method [9]. A
power measurement is taken with the noise souramhtent temperature and this result is
recorded. The noise source resistor is then cdol&duid nitrogen boiling point temperature of
77K and another power measurement is taken anddedt.oThe results are then plotted with their
corresponding temperatures on a graph similarabshown in figure 16.

Figure 16.
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It can be seen from the graph that the intercefii@gxtrapolated line with the temperature
axis gives the negative noise temperaflyef the device under test [9]. The extra noise adged

the device under test is denotBd. It can be seen from the graph that it is onlyessary to
determine a ratio dfi, toN_ . It is not necessary to obtain the magnitude oheas long as the

measured powers are measured in correct propddieach other, the intercept-al, will remain
the same.

Provided that the noise measurements are accaratesystem losses and reflections
remain constant at different noise source tempegstthe value folf, obtained will be accurate.



Unfortunately this is not the case when a practicéde temperature measurement is performed.
The requirement to measure low noise figures bdlaB makes high measurement accuracy
difficult to obtain.

If the various reflection coefficients remained stamt over measurements at different
temperatures, the effects of reflections in thesueaments olN,andN_ would be the same. Since
this would not alter the proportion between the measurements the intercept at the temperature
axis would provide an accurate indication of thesademperature. This is because the
determination ofT, requires only ratiometric power measurements.

The problems associated with reflections becomatgvben the system’s reflections
change as the noise source is heated and coolBdctitms are the greatest source of error in
determiningl, . Consider figure 15 in which the reflection coefnt looking into the noise source

is Iy and the reflection coefficient looking into theut of the Device Under Test (DUT) IS.
From [10], the power from the noise source dissigdity the LNA’s input terminals is given by:

: 1"
P, =) ——— ... (13)

p-rorf’
and the power incident on the input terminals efitNA is given by:
P=pb| —— . (14)

p-ronf

where|b,|*is the available power of the noise source.

As defined in [11], the available noise power & itlput to the LNA is the noise power that would
be absorbed by the LNA if it were perfectly matchiedhe perfectly matched case whierO0,

equation 14 becomeR = |bs|2. It is the incident poweP, that is amplified by the LNA to obtain
the powerP, that appears at the output terminals of the LNA.

Therefore
P=GP ...... (15)
Where G is the gain of the LNA.
And P =Gt 2 ... (16)
p-rnf

WhereG|bS|2|s the available power at the output terminalshefltNA.

Rearrange equation 16 to obtain:

Gb,|* =PL-T " oo (27)

Knowing the amplitude and phaselqf andl’, enables the determination @:fbs|2 from P,.
Unfortunately, only the magnitude 6f and[l"; can be easily measured or estimated.

With only the magnitude off, and T, it is only possible to determine the vaIuerI55|2 within

some limits.
These limits are:

Glo,|*max = P, (L+]r ||
and
Glo,*un =P, (L[| e (18)



Therefore:
Pa-Ir ) sabf <@+ r)f (19)

Knowing these limits gives the level of uncertainfythe available noise power at the terminals of
the LNA whenP, is known. It is assumed here that the power meteell matched to the
transmission line that connects between itselftard_NA’s output terminals so that any re-
reflections between the LNA and the power metekapd negligible. To ensure that re-reflections
do not occur it is recommended that a suitablenatt®r be placed at the power meter’s input
terminals so that any possible reflections frompgbeer meter will be absorbed. For this reason,
uncertainty due to mismatch will only be considevedhe input side of the LNA.

This leaves another uncertainty to consider. Theedainty associated with the power
reading obtained from the power meter. This melassthe power available at the LNA output
terminals P, may also lie within some limits.
ie.

P <P <P

o-LowerLimit — -UpperLimit

I:)MEASURED(:I'_ I:)E %) = Po = I:)MEASURED(:I'-F I:)E %)

Where P,casurep 1S the power measurement taken from the powernyeate
P: % is the percentage error associated with the paveter.

Combining (19) with (20) and lettiniyl = G|bs|2,

PMEASURED(l_ PE %)(1_|rs||ri|)2 <sN< PMEASURED(1+ PE %)(1+|rs||ri |)2 LR (21)

Where N is the noise power that is plotted on ttagly in figure 16 for the hot and cold
measurement&l_and N, .

The upper and lower errors due re-reflections imcdtiding power meter error) are given in
percentages in the table 5 below for various coattins of| | and|;|. Calculated values are

from (21).



Table 5a - Upper Table 5b - Lower

percentage error percentage error

dueto dueto

re-reflection re-reflection

“—s‘ ‘rs‘
‘ri‘ 0.01] 0.0 ‘ri‘
} .05/ 0.1 0.2 0.3 0.01) 0.05 0.1] 0.2 0.3

0.1 0.2 1.00 2.0, 4.0 6.1 0.1] -0.2| -1.0] -2.0 -4.0, -5.9
0.2 0.4/ 20 40 8.2 12.4 0.2 -0.4/ -2.0] -4.0 -7.8/-11.6
0.3] 0.6/ 3.0 6.1 12.4| 18.8 0.3 -0.6/ -3.0] -5.9/-11.6|-17.2
0.4 0.8 4.0 8.2 16.6| 25.4 0.4 -0.8| -4.0| -7.8/-15.4|-22.6
0.5 1.0 5.1] 10.3| 21.0] 32.3 0.5 -1.0] -4.9] -9.8/-19.0/ -27.8
0.6| 1.2/ 6.1 12.4| 25.4| 39.2 0.6 -1.2| -5.9/-11.6|-22.6|-32.8
0.7] 1.4/ 7.1] 14.5| 30.0| 46.4 0.7] -1.4| -6.9/-13.5/-26.0/-37.6
0.8] 1.6/ 8.2| 16.6| 34.6|/ 53.8 0.8 -1.6| -7.8/-15.4-29.4|-42.2
0.9 1.8/ 9.2| 18.8| 39.2| 61.3 0.9 -1.8| -8.8/-17.2|-32.8|-46.7

It can be seen from the above two tables that éube Device Under Test has a reflection
coefficient that is high in magnitude, the erron t& kept low if the reflection coefficient of the
noise source is kept low.

From the graph it is obvious that the noise tentpegal, can be calculated from
Te - NC(Th _Tc) _-I-c )
I\Ih - Nc
The approximate errors associated with the detedwalue ofT, in terms of the error in the cold

measurement and the hot measurement are given by
T +T, )T, +T
Error =(E, +E, ) 1+=—= | =—=|. ... (23)
Th _Tc Te
Where E, is the upper percentage error limit associatet thié cold measurement, agig is the

upper percentage limit associated with the hot omeasent.
E. andE, can be approximated as the sum of the error deetteflection and the power meter

error.
An indication of how these errors and the expeutdde of T, affects the overall error in the

determination ofT, is shown in the table 6.




Table 6.

Te=10K Te=20K
Approximate Approximate
percentage error of Te percentage error of Te
Ec Ec
Eh 0.5 1 2 4 8 16/ 32 Eh 0.5 1 2 4 8 16/ 32
0.5 12| 18] 30 55 103 200/ 394 0.5 7 100 17 31| 59 115 227
1] 18 24/ 36/ 61| 109 206/ 400 1 10] 14] 21 35 63 119 230
2] 30| 36/ 48 73 121] 218 412 2l 17 21 28] 42| 70 126] 237
4 55| 61 73 97| 145 242 436 4 31 35 42| 56| 84 140 251
8| 103] 109| 121] 145 194 291| 485 8 59 63 70| 84 112| 167 279
16| 200 206| 218 242| 291| 388 582 16| 115| 119| 126 140] 167| 223] 335
32| 394| 400| 412| 436 485 582| 776 32| 227 230] 237| 251 279 335 447
Te=30K Te=50K
Approximate Approximate
percentage error of Te percentage error of Te
Ec Ec
Eh 0.5 1 2 4 8 16/ 32 Eh 0.5 1 2 4 8 16| 32
0.5 5 8 13 24/ 45 87| 172 0.5 4 6| 10| 18 34| 66/ 130
1 8 11 16| 26| 48 90| 175 1 6 8 12| 20, 36| 68 132
2] 13 16| 21 32| 53 95 180 2] 10 12| 16| 24 401 72| 136
4 24/ 26] 32| 42| 64 106 191 4 18] 20 24| 32| 48 80| 144
8 45 48| 53] 64 85 127 212 8 34 36/ 40 48 64| 96/ 160
16| 87| 90 95 106| 127 169 254 16) 66/ 68 72 80| 96| 128 192
32| 172 175] 180 191 212| 254 339 32| 130] 132] 136 144] 160] 192| 256
Te=70K

Approximate
percentage error of Te
Ec
Eh 0.5 1 2 4 8 16| 32
0.5 3 16/ 30| 58 114
1 5 70 10, 17| 31| 59 115
2 9 10] 14 21 35 63 119
4 16/ 17| 21 28 42 70 126
8 30| 31 35 42| 56| 84| 140
16 58 59| 63 70 84 112 168
32| 114 115 119 126| 140 168 224

a
©

It can be seen from table 6 that even a small anrttre hot and cold measurement such as 4% can
compound into a large error in the final determorabf T,.



Applying noise temperature measurement to the LNA and Balun/tragformer

Case 1. Using balun/transformer to measure noise temperature of LNA.

In this case the connections shown in figure 17#egeired

Figure 17

Chip Balun/Taper LNA

Resistor Transmission

line 50 ohms

—T

r r meter

S I

From the performance measurements of the balum/tdggemagnitude of ;can be
estimated at about 0.2 at 298K (assuming that gngnitude of the reflection coefficient of the
balun/taper is equal on its input and output sifiejs not known for 77K but for the purposes of
this example it will be assumed to be 0.2 also. Mlagnitude of, depends on the value &, for
the LNA and this could be as high as 0.9. To examihat the effect of reflections in this
arrangement would have on the errors, considevahes of[r| and || to be 0.2 and 0.6
respectively for both the hot and cold measurements
Looking at table 5a and assuming that the poweenastor is small, it can be seen that power
measurements made fof, and N, could be in error by approximately 25% (upper t)mi
Assuming the noise temperature to be around 50Kauking then at table 6, it can be sent that
this error results in a final error fd, somewhere between +/-128% and +/256%. This islglea

not a good indication of the noise temperatureiaisdtherefore not recommended to use the
balun/taper to measure the noise temperature df\idein this way.

Case 2. Using a microstrip line to measure noise temperature of LNA.

Due to the large reflection coefficieft associated with the balun/taper, the noise

temperature of the LNA is virtually impossible t@asure with sufficient accuracy in the previous
case. It is therefore recommended to employ a é@s microstrip line of constant characteristic
impedance between the noise source resistor arldNAeThis is similar to the approach adopted
in [12]. The microstrip line can be easily manuteiett and will provide for a much better match
for the noise source resistor. The resistanceeotkip resistor and the microstrip characteristic
impedance will be equal to that required by the-stamdard input impedance of the LNA.

Figure 18.
Chip Microstrip LNA .
Resistor line of Transmission |
constant Z line 50 ohms
‘_‘ r Power
meter
[ I




Consider now that the resistor is matched to theastrip line with a reflection coefficient
of only 0.01 at room temperature. Takihg| as 0.01 for the hot measurement and 0.05 for the

cold measurement artﬂi| as 0.6 and looking in table 5, it can be seenttfetipper error limit for
the hot measurement is about 1% and the upperlaniofor the cold measurement is about 6%.
Assuming that the expected noise temperature dfftfeis about 50K, the expected error
associated with the determinationfis somewhere between +/-20% and +/-36% (from t&ple
This is a vast improvement to the case in whichbdlen and taper were used to connect the noise
source to the LNA. It can be seen from this exarhple critical the correct matching of the noise
source to the line is to achieving a valuelpfwith minimum error.

Case 3. Measuring Noise Temperature of the Balun/taper and LNA together

The Noise Temperature of the balun/taper and th& tdinbined together as one “Device Under
Test” can be determined with better accuracy thahe first case where the balun/taper is used in
an attempt to determine the noise temperatureeof A alone.

Figure 19.
Chip — Balun/ L —
Resistor Transm|33|on taper N Transm|SS|on
line A line 50 ohms
Power
- DUT meter
[ ¥

It can be seen from the above diagram that it v8 remuired to determin|sFi| for the

“Device Under Test” which consists of both the lpdlaper and the LNA. This is difficult to
determine, but an upper limit for this can be deteed if the input reflection coefficient of the
LNA and the Balun/Taper is known. Refer to figufe 2

Figure 20.

1w > Balun/Taper LNA
[ I

M

i B

", can easily be determined fro8), of the LNA. As an exampIFFL| is given the value 0.6.

Assuming that the magnitude of the reflection doedht of the 20@ side of the balun/taper is
equal to its 5Q side (which may not necessarily be the c#sg.})is given the value of 0.2 that

was measured on the@Gide.



Consider 1W of power being incident at the poirdveh. Due to|FB| the power incident on the
input terminals of the LNA is equal to-|[;|* =1- 022 = 096Watts. The power that never
reaches the LNA i#’ B|2 = 004Watts and this is reflected back towards the source. The
magnitude of the reflection coefficient at the Lkgkminals i$I'L| and of the 0.96Watts

incident, O.96><|FL|2 = 096x 0.6° = 0.3456Nattsis reflected back to the source. Adding up the

reflected power (0.04+0.3456=0.3856W), the reftacttioefficient of the entire “Device Under
Test” can be determined by finding the square obthis reflected power to determine the

reflected voltage. As a resulE,| becomes 0.62.

In summary,[;| can be calculated using:

i \

rl=rel +e=refJr” (23)

This value for|l" | is the upper limit for the reflection coefficienitthe “Device Under Test”.

An exact value ofri| cannot be determined easily. This value was catiedlbased on the

assumption that the reflection coefficient of tladun/taper is the same at both ends. If a
balun/taper with a non standard coaxial connedatber than 50 is used|FB| will be even

more difficult to estimate because the device cabra@onnected to standard test equipment. In
this case one will need to make a conservativenas ofFB| taking into account its effect on

the value oﬂri|. In order to make this estimate, one should lddiosv various values of
s | affect the value of",|. Consider the table below.

Table 7.— Determining|I"|

m|
|rB| Return Loss (dB) 01 02 03 04 05 06 0.7 0.8 0.9
0.1 -20.0[ 0.14{ 0.22 0.31] 0.41f 0.51f 0.61] 0.70] 0.80 0.90
0.2 -14.0] 0.22| 0.28 0.36 0.44{ 0.53| 0.62] 0.71) 0.81] 0.90
0.3 -10.5| 0.31] 0.36[ 0.41f 0.49( 0.56| 0.65] 0.73] 0.82 0.91
0.4 -8.0] 0.41| 0.44| 0.49| 0.54{ 0.61| 0.68| 0.76| 0.84{ 0.92
0.5 -6.0] 0.51f 0.53] 0.56| 0.61f 0.66[ 0.72] 0.79| 0.85( 0.93
0.6 -4.41 0.61 0.62[ 0.65| 0.68] 0.72 0.77| 0.82| 0.88[ 0.94
0.7 -3.1] 0.70[ 0.71f 0.73| 0.76] 0.79| 0.82 0.86[ 0.90[ 0.95
0.8 -1.9] 0.80[ 0.81| 0.82] 0.84 0.85| 0.88| 0.90| 0.93| 0.97
0.9 -0.9] 0.90[ 0.90] 0.91] 0.92[ 0.93] 0.94] 0.95| 0.97[ 0.98

For example the reflection coefficient of the LNg\kinown to be 0.6 but the reflection
coefficient of the balun at the balanced end iseuam. What may be known, however, is that the
reflection coefficient is better than 0.4 corresgiog to a return loss better than 8 dB. Knowing thi

we can place an upper bound By at 0.68.

Knowing a value for|Fi| it is now necessary that the noise source resstwell matched to the

unbalanced transmission line between the resisbbalun/taper. This line is necessary to provide
some thermal isolation between the balun/tapemamsk source. As in the previous cases the error

in N.and N, can now be determined and finally the erroffjralso. As in case 2, it is very



important to ensure that the noise source ressteell matched to the connecting transmission
line so that a minimum error can be obtained.

General Procedure for determining noise temperature

The following outlines a procedure for determinthg noise temperature of a device under test. An
example is given simultaneously for the situatioreg in Case 3 in which the overall noise
temperature of the balun taper and LNA is deterthiiéhe numerical values given in the example
do not apply to the balun/taper that has been naetstd and are purely hypothetical.

1. Determine || from LNA design, or where appropriate find the upper limit of ||
from the procedure outlined in Case 3.
It is known from the LNA’sS , that the magnitude of its reflection coefficienDi§. The

reflection coefficient of the balun/taper at théanaed terminal is unknown, however, the
return loss is known to be at least better thardB1Qooking at table 7 to see where the —

10dB return loss row intersects with the = @bumn, it can be seen that the upper limit
of the DUT reflection coefficienf,| is equal to 0.65.

2. Determine |I',| or upper limit of || for noise source at both hot temperature and cold
temperature. This can be determined by the following method:

If the characteristic impedance of the transmission lin&Z, at the point of
attachment of the resistor is known, and the DC resistance of the reists measured
at both hot and cold temperatures,|rs| at both these temperatures can be easily
determined from:
=g

R+Z,
It is known for example, that the noise source chgistor is attached to a balanced PCB
twin line of which the characteristic impedanceacdsurately known at 18D The probes of
a DC ohmmeter are applied to the unbalanced tetranththe resistance of the chip
resistor at room temperature (e.g. 290K) is measatrd842. The chip resistor is then
immersed in liquid nitrogen and after the vigordading has ceased another DC resistance
measurement is made. At this time the resistant63. From these two measurements
|FS| can be determined from the equation above at @K ot) and 77K(cold)

= 001and |l .| = 005.

temperatures. In this cas{és(hm)

3. Check that the noise temperature to be obtained will lie within rasonable error limits.
Use tables 5 and 6. Or use equation 23.
Looking at table 5 it can be seen that the uppergmeage error mismatch limit of the hot
measurement is approximately 1.3% and upper pexgergrror mismatch limit of the cold
measurement is approximately 6.6%. The power nme¢arsurement error is 2%,

andE, can be approximated as the sum of the mismatchtanuy errors and the power
meter measurement error. Therefdie =3.3% ande, =8.6%. Estimating the noise

temperature to be somewhere near 50K equation &dblar 6 can be used to determine the
expected error. Looking at table 6 for 50K it cansleen that the expected error will be
around 40-48%.

4. Connect system as in figure 15.



Since both the balun/taper and the LNA are theagewnder test, the arrangement in Case 3
will be used. It is necessary to provide some opiea transmission line between the end of
the taper and the noise source resistor as shofiguie 19. As in part 2 it is necessary to
ensure that the transmission line’s characteristpedance is accurately known. Also the
transmission line must be long enough to prevamifcant cooling of the balun/taper and
LNA (or whatever the DUT may be) when the noisersels cooled.

5. Make a power measurement with the noise source at room temperature. Use
attenuator at the power meter’s input to ensure that any possible re-fiections are
minimised. Record the room temperature in Kelvins along with the peaer
measurementN, .

For example, assume that the power measured w@&snGt T = 290K.

6. Immerse the chip resistor in Liquid Nitrogen and wait until the vigorous boiling
subsides before making another power measurement. Record this meesment
N_with 77K noise source temperature. Do not wait longer than necessary when

making this measurement. Observe the heat conduction model to ensuhat the
Device Under Test is not being significantly cooled.

The heat conduction model can apply to any long ¢bpper structure. It is therefore valid
for the connecting transmission line as well asbidlen/taper.
Assume that the power measured was 400mW at T=77K.

7. Use equation 22 and 23 or use the spreadsheet to obtain the valudpfnd an error.

The spreadsheet is simpler to use and provides a more accurate errostdt and is
therefore recommended. An explanation of the spreadsheet calculai is given in
appendix 5.

In the spreadsheet enter the values 0.05, 0.084, @&l 2 for Gs(cold), Gs(hot), Gi, and
Pe% respectively. Enter the cold and hot tempezatof 77K and 290K as well as the
corresponding measurements of 400 and 1100mW. Ravitsrare not important as long as
they are on a linear scale. The noise temperatwalculated to be approximately 47K with
an error of +/-48%.

Conclusion

The design and construction of the required badyefit has been presented. With only simple
construction methods and components the balunagred ichieves good return loss of about —
14dB between 1 and 5 GHz. Dielectric and conduos combined is less than 0.2dB within the
frequency range. It can be seen that good resais been achieved even with the presence of
various discontinuities and mismatches. The desigimerefore very robust and an improvement in
the results could be easily achieved.

If it is required to produce similar baluns irecommended that the etching process be
perfected so that construction is easier. Howdwdlding a balun for a non-standard impedance
match would not require a piece of commerciallyilatdée coax. A hollow copper tube would
probably be needed instead. This would not be ctibipavith the etching process described in
this paper because the inner surface of the tulddwmt be protected by dielectric material. One
would probably need to resort to sawing or maclgmmthis case.



It has been outlined in this paper that usingalen/taper as a matching device between a
chip resistor and LNA would produce noise tempegatneasurements that have excessive errors.
An alternative has been suggested and this reqiiaes microstrip line be used as the connection
between the LNA and noise source. This would siippiie problem of achieving a good match at
the noise source. A method has, however, been stegbthat would allow the noise temperature
measurement of a balun/taper and LNA combinatice siagle device under test.

Finally, a number of spreadsheet tools have beatuged for Klopfenstein Taper design,
characteristic impedance of slotted coax, and easfsheet that calculates the noise temperature
with errors of a device.

What still needs to be done is to provide methoavbich the heat distribution in the
connecting line between the noise source and thé €dn be accurately modelled. From this, a
method of calculating the noise contribution of te@necting line can be determined so that a
compensation can be made in the final result f@entemperature. If this is not adopted it is
essential that this connected line exhibits lovs.los
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Appendix 1 — Design Drawing of Balun
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Appendix 2 — Determining the proximity effect on currents in the PCB &per Line

An approximate value of the proximity factor isa@ahted using a relatively crude method,
however, the results are deemed satisfactory fonason purposes. To calculate the proximity
factor it is necessary to determine the currerititigion in the transmission line conductors. The
more evenly distributed the currents are withingkie depth of the conductor the lower the
proximity factor and the lower the resistive lossas When currents are evenly distributed around
the perimeter of the conductor the proximity fadsoat its lowest value of 1.

To determine the current distribution along thedrartors the two dimensional cross section of the
transmission line is broken up into a series ohpsources. In the first iteration the current
distribution is considered to be equal along thedootors and each point source is given a current
level of 1.These point sources are then used &rmeate the H field at an equal distance around the
perimeter of the conductor. A very crude applicatd Ampere’s law is then performed around
each point and the relative current distributiotwleen points is then determined from the relative
strengths of the H field. The currents are themadised with respect to the highest current level
and this new current distribution is then usechertext iteration. The iterations are repeated unti
the current distributions have converged.

Example.

Consider a twin line PCB transmission line with thisdv=4 and spacing s=3. The line cross section
is broken up into points. Each point on a conduist@ssigned the current magnitude 1. The
directional indicators represent the directionwfrent flow in the two conductors.

It is then required to find the relative H fieldengths in the positions marked in the diagram
below:

[
ol
I

To do this it is necessary to compute the vector etieach relative contribution from each
point on the conductors at the marked positionss@@how the contribution of each point is
affected by distance it is necessary to look at Arejs Law.



| = § HedL (A)
In the case in the diagram, evaluating the linegrdl
around the closed contour of radius r, the expoedsir
current becomes:
| =H x2m
and

I
H dL 277
which means that the magnetic field is inversely
proportional to the distance. In the case of thel@hthe
field strength relative to a distance of one eleinspacing

from a point source will be given by:
H = l
r

relative

To sum the contributions from each point it is rssegy to determine the distances between points
and to determine the horizontal and vertical congps of the magnetic field strength.

Hh

=2
Lo
s

From the above diagram and taking the positivectioas to be upward and right:

a=tan™x,
N S
cosa cos(tan' x)’
1 _
IH| = -==-cos(tan" X).

r
The horizontal component of the H field at the pasrgiven by:
Hh =|H|cosa = |H|cos(tan" X)

Taking into account the directions of the currenéach conductor the relative H field at the point
shown in the diagram above can be found by:

Hh = Zg: cos (tan™ x) — Zl: cos (tan™ x) — Zgl cos (tan™ x)

It is also necessary to determine the verticaldttlf at the points shown below:
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The field at point 7 can be calculated from:
6 5
Hv = —Zl - 1
x=2 X x=1 X
and the field at point 8 can be calculated from
12 1 5 1
Hv = —z_ + -
x=8 X x=1 X

With the fields determined at each of the points @pparent from the symmetry of the line that the
H fields on the underside of the line will equadgk on the topside and that the fields surrounding
the right conductor are the same as those surrognide left conductor.

To determine the new current distribution sum thigeldls around a closed contour surrounding
each point. It will only be necessary to sum thielitls on the topside of the conductor. This is
where an approximation has been made: The horizidgltds are considered to be in
approximately the same direction for the upper stagkction of the contour and the vertically
inclined fields at the ends are considered to ibersame direction as the contour for the other
shaded section.

With a current now obtained for each point the ret&p is to normalise the currents with respect to
the point with the highest current.

With this new set of currents obtained it is thequired to use this set of currents in a new i@nat
of the above process until the current distributonverges.

Once a final current distribution has been obtathedoroximity factor can be found from:

b= no._of _points_in_conductor
sum_of normalised currents_in__conductor

A Matlab program has been written to calculateptoximity factor. It is required for the user to
enter the widths and spacing of the transmissian Because of the crude manner in which the
currents are calculated from the H field it wasdigered that the best solutions are obtained when
the total number of points in the model are betwEgand 20. Total number of points is given by:
2xXw+s+1.

% PROXIMITY - This Matlab code calculates the proxi mity effect in a balanced
twinline consisting of two flat plates



w=4; %conductor width
s=5; %spacing between conductors

I=ones(1,2*w+s+1); %initialise point sources
for i=w+2:w+s

1(i)=0;

end

for count = 1:30 %perform 30 iterations (for con
distribution)

%Determine H fields along conductor surface

Hh=zeros(1,2*w+s+1); % Initialise array to hold H f
Hv=zeros(1,2*w+s+1);

startpoint=w+s+1; %point on inner edge of RHS condu

for point=startpoint:startpoint + w %sum H field co
points for every point along RHS conductor surface.
for i=1:1+w
X=point-i;
Hh(point)=Hh(point)+I(i)*(cos(atan(x)))"2; %Horiz
%Hv(point)=Hv(point)-I(i)*cos(atan(x))*sin(atan(x)
(not used)
end
end

for point=startpoint:startpoint + w %sum H field co
points for every point on the left along RHS conduc
for i = startpoint:point
X=point-i;
Hh(point)=Hh(point)-I(i)*(cos(atan(x)))"2; %Horiz
%Hv(point)=Hv(point)+I(i)*cos(atan(x))*sin(atan(x)
(not used)
end
end

for point=startpoint:startpoint + w - 1 %sum H fiel
conductor points for every point on the right along
for i=point+1:startpoint+w
X=i-point;
Hh(point)=Hh(point)-I(i)*(cos(atan(x)))"2; %Horiz
%Hv(point)=Hv(point)-I(i)*cos(atan(x))*sin(atan(x)
(not used)
end
end

%Determine H field present at point near inner edge
centrepoint=w+s; %define this point
HCv=0; Y%initialise

for i=1:1+w %Contribution from points on LHS conduc
x=centrepoint-i;

HCv=HCv-I(i)/x;

end

for i=centrepoint+1:centrepoint+1+w %Contribution f
X=i-centrepoint;

vergence of current

ields

ctor

ntibution of LHS conductor

ontal Field
);  %Vertical Field

ntibution of RHS conductor
tor surface.

ontal Field
);  %Vertical Field

d contibution of RHS
RHS conductor surface.

ontal Field
);  %Vertical Field

of RHS conductor

tor

rom points on RHS conductor



HCv=HCv-I(i)/x;
end

%Determine H field present at point near outer edge
endpoint=2*w+s+2;
HEv=0;

for i=1:1+w %Contribution from points on LHS conduc
x=endpoint-i;

HEv=HEV-I(i)/x;

end

for i=endpoint-w-1:endpoint-1 %Contribution from
x=endpoint-i;

HEv=HEV+I(i)/x;

end

%O0Obtaining new current distribution

for i=w+s+1:2*w+s+1 %Perform Ampere's law
[(i)=abs(Hh(i));

end

I(startpoint)=I(startpoint)+abs(HCv/2); %Permorm Am
edges of RHS conductor
I(startpoint+w)=I(startpoint+w)+abs(HEvV/2);

%Normalising current distribution
maxI=max(l);

for i=w+s+1:2*w+s+1
I(i)=1(i)/maxl;

end

% Equating LHS conductor currents to RHS conductor
temp=zeros(1,w+1);

c=0;

for i=w+s+1:2*w+s+1

Cc=c+1;

temp(c)=1(i);

end

temp2=zeros(1,w+1);
for i=1:w+1
temp2(i)=temp(w+2-i);
end

for i=L:w+1

I(i)=temp2(i);

end

| %display current distributions

end % Perform 30 iterations

%Calculate Proximity Factor
ProximityFactor=(w+1)/(sum(1)/2)

of RHS conductor

tor

points on RHS conductor

pere's law at inner and outer

currents (by symmetry)



Appendix 3 — Matlab program for determining temperature distribution

% Fourier's One Dimensional Heat Distribution Mod

Distribution in Balun/Taper
%

% Analytical Solution using Separation of Variabl

%  ut(x,t) = alffuxx(x,t) with u(0,t) = ul

% has solution given by

%  u(x,t) = v(xt) + w(x)

% where v(x,t) is the transient solution and w(x)
%

%
% getting started
clear all, close all
%
% problem data
alf =0.000117; % m"2/s thermal diffusivi
ul =77, % C  fixed temp at left e
ur = 298; % C fixed temp at right

u0 = 298; % C initial uniform te

L=1; % m  length of bar

maxt = 50; % max number of terms in exp
tol =0.001; 9% tolerance used to stop ser
nfig = 0; % figure counter

%
% the steady state solution w(x)

Nx = 101; x = linspace(0,L,Nx)’; w = (ur-
%
% now v(x,t) is given as an infinite series
% calcterms forn=1,2,3,4,5,...,max
% ccl =600*L/pi; cc2 = 60/pi;

for n = 1:maxt

lam(n) = n*pi/L; c(n) = 2*(ul-u0)*((-1)"n-

1)"ni(n*pi);
% c(n) = (1/n)*(ccl*(-1)"n + cc2*((-1)"n-1));

end
% use for plotting time snapshots

Nt=4; tt=[20 40 60 80];

% start loop over time points
u = zeros(Nx,Nt);
for j = 1:Nt
t=tt(j); cc=-alf*t; mrerr =1.0;
while mrerr > tol & n < maxt
n =n+1; vn = c(n)*sin(lam(n)*x).*exp(
v=v+vn; rerr=vn(2:Nx-1)./v(2:Nx
max(abs(rerr));
end
ui,j) =v+w;
disp([' Needed ',num2str(n)," terms for con
,num2str(t)," s')
end
%
% plot curves of u for various times
nfig = nfig+1; figure(nfig)
plot(x,u)
axis([0 L 0 400));
title('Bar Temperature Distribution Over
grid,xlabel('Distance (m)"),ylabel('Tempe
forj=1:Nt, gtext(['t ="',num2str(tt(

plot(x,u(:,1)); grid on;

el for Temperature

es to the following problem:
u(L,t) =ur u(x,0)=u0

isthe  steady state solution

ty

nd

end

mp of bar

ansion
ies expansion

ul)*x/L + ul;

1)/(n*pi)+2*(ur-ul)*(-

n=0; v =zeros(size(x));

cc*lam(n)*lam(n));
-1); mrerr =

vergence att =

Time")
rature (K)")
). s1. end



title('Bar Temperature for Initial and Fi
xlabel('Distance (m)"),ylabel('Temperatur
hold off
end
%
% end of problem

nal Times (Example 10.2)");
e (C));



Appendix 5

Determination of Noise temperature and Errors in the Noise Tempertxe Spreadsheet.

The spreadsheet calculates the noise temperatageaguation 22. The spreadsheet applies this
eqguation twice: once for the lower uncertainty tiofinoise temperature and once for the upper
uncertainty limit for noise temperature. It is eafidl from the graph in figurel6 that by taking the
upper limit of N, and the lower limit ofN_, the intercept of the extrapolated line with the

Temperature axis will move closer to the origin anltitherefore indicate the lower limit oF, .
Likewise, by taking the lower limit oN, and the upper limit oN_, the intercept of the
extrapolated line with the Temperature axis willivadurther from the origin and will therefore
indicate the upper limit of,,. As can be seen on the spreadsheet, there asettions: one for the
calculation of theT, upper limit and one for the calculation of thelower limit. The upper and
lower limits of N,, and N, are calculated using equation# that uses the meghpower levels for

hot and cold, the source reflection coefficient$hdg and Gs(cold), the DUT reflection coefficient
Gi and the power meter error Pe%.
The upper and lower limits of, are displayed at the bottom of the spreadsheetattual noise

temperature solution is the average of the two oreasents and the percentage error is calculated
from the difference between the average value laadinits.




