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Abstract

This dissertation investigates the gain and phase stahititt dynamic range of an RF-
over-fibre optical link as used in a radio telescope. It aftesnvia practical experiments,
to quantify the gain and phase stability with temperatutdebptical fibre and the optical
transmitter and receiver. A thermal model based on the KAmvironment is then defined
and together with the stability coefficients determinee, tinodel is used to qualify the
link against the KAT-7 requirements. Measurements of gaid phase stability with
temperature (at sunset) and movement of the dish are alknped on the XDM dish (a
precursor to the KAT-7) to give an indication of the magnéuwd gain and phase change
in a real optical fibre link installation. Finally an opticnsmitter and receiver set is
demonstrated to meet the KAT-7 requirement of dynamic range

To this end: the KAT-7 requirements for gain and phase stalasihd dynamic range are
motivated and discussed, part of which is apportioned tafiieal fibre link; software

is developed to to control the VNA (the primary measuringideland log data and
controlled experiments using a thermal chamber and a iButgmperature logger are
utilised in the data gathering process.

The results are positive in that an analogue optical fibkewil meet the KAT-7 require-
ments for gain and phase stability and dynamic range.
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Nomenclature

Azimuth—Angle in a horizontal plane, relative to a fixed referencjally north or the
longitudinal reference axis of the aircraft or satellite.

Beamwidth—The angular width of a slice through the mainlobe of theatidn pattern
of an antenna in the horizontal, vertical or other plane.

DBE—Digital Back end. Contains the digitisers, correlatord data storage of the radio
telescope

Doppler frequency—A shift in the radio frequency of the return from a target tney
object as a result of the object’s radial motion relativehte tadar.

DUT—Device under test

NF—Noise Figure

OMT —Orthogonal mode transducer
OTx—Analogue optical transmitter
ORx—Analogue optical receiver
MTBF —Mean time between failure
PRF—Pulse repetition frequency.

RFE—Radio Frequency Front end. The electronics from the outptie OMT of the
feed to the point of digitisation in the DBE

Riser cable—The cable which is connected to the fixed (relative to Egréin) of the dish
on the one end and the moving part of the dish at the other @nd.uked to transfer
RF and power signals between the antenna pedestal and #mnaribcus. This cable is
subject to bending forces and the exposed environment (ama, ambient temperature,
sun)

SNR—Signal to Noise ratio

VNA—Vector Network Analyser

Zenith—The antenna dish pointing directly upwards with an eleraangle of 90 de-
grees.
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Chapter 1

Introduction

1.1 Radio Astronomy and Interferometry

Radio astronomy is a sub-field of astronomy that studiesstialeobjects in the radio

frequency portion of the electromagnetic spectrum. Thd beiginated from the discov-

ery that most astronomical objects emit radiation in theoradhvelengths as well as the
optical ones.

Some well known single dish radio telescopes include: thee@Bank radio telescope
in West Virginia USA, which is the world’s largest fully stedle radio telescope with an
aperture size of 100 m, the stationary 305 m Arecibo dish ertelRico and the Parkes
64 m telescope in Australia which received the first videagmissions from the moon
during the Apollo 11 mission in 1969 [23].

One of the primary goals for radio telescope designers iadease the sensitivity and
spatial resolution of the telescope within practical coaiats. One way of achieving this
is to build a radio telescope with a bigger aperture (reash’gi The widest steerable
aperture is around 100 m. Beyond 100 m it becomes impradtichlild dishes that

will maintain the necessary surface accuracies neededtimremy [15]. An alternative

and more practical way is to synthesise a bigger dish by imgjlchultiple smaller dishes
and interfering the outputs from the different dishes witlsle other. This technique of
interfering the output of multiple dishes is known as Raditetferometry.

A well known radio interferometer is the Giant Metre wave Radlelescope in India
which is a Y-shaped array of 14x 45 m dishes with a maximum Ilves@argest dis-
tance between any 2 dishes in the array) of about 25 km whicthegises a dish with a
resolution of 25 km across and the sensitivity of a dish witheeneter of about 250 m.

1.2 The MeerKAT radio interferometer

The Karoo Array Telescope (MeerKAT) project is an initigty the South African De-
partment of Science and Technology to design and build a iatkrferometer consisting

1



of at least 60 twelve metre dishes by the year 2013. This fgamnisof South Africa’s bid
to host the international Square Kilometer Array (SKA) exdj[22].

The SKA will be a radio interferometer that will have unpréested sensitivity and res-
olution in its operating frequency range. South Africa andsthalia are short-listed to
host the SKA with an announcement due in 2012. More inforomatan be found on the
MeerKAT website [www.ska.ac.za].

The KAT-7 radio telescope which is due for commissioningimy2009/2010 is an en-

gineering prototype for risk mitigation and testing. Thssain array of 7x 12 m dishes.
This phase of the project follows on from the single disheadiescope phase called the
XDM (eXperimental Development Model) situated at HartRA@aftebeeshoek Radio

Astronomy Observatory).

1.3 Requirement for signal integrity

For radio interferometric imaging to work the radio signfitsm each antenna need to
remain undistorted until the point of being combined. Thesradio frequency front end
receiver chain (RFE) of each antenna—which consist of dieqdj mixers, filters and the
transmission lines transporting the signal—need to igeall

1. Maintain a constant gain over time
2. Maintain a constant propagation delay over time;

3. Have an infinitely wide dynamic range.

The greater the deviation of RFE from these ideals the lohemuality of the synthe-
sised astronomical images. Radio telescope designerssanslaf the scientific data have
devised calibration techniques to correct for some of theeirfections of the RF instru-
mentation. Calibration does not correct for all errors hasveand is only perfect for the
instant when it takes place. If there are gain and phase dnithe parameters after being
calibrated, the calibration would be less valid. To minienibe distortions due to these
drifts in the parameters, calibration takes place at reguatarvals and since it takes a
finite amount of time, it decreases the time used to do astngno

So the first prize is for the RFE instrumentation to add ak ldistortion to the infor-
mation signal as possible. System engineers thus put lonithe imperfections of the
components in the RF instrumentation. Or said differesty systems of the radio tele-
scope are given specifications which it needs to comply tahabthe radio telescope
makes the best astronomical images within a finite budgefiaitel timescale.



1.4 Optical fibre as a transmission line

Optical fibre is widely used as a transmission line for higkaetate applications and
the bulk transfer of digitally encoded information in theldief telecommunications.
This is due to its low attenuation per kilometend practically unlimited bandwidth (>
terahertz) properties. It is immune to radiated and coratlictterference (RFI), does not
conduct lightning, is cheaper than copper for longer trassion path$, lightweight and
abundantly available (silicon) in nature.

From the radiometer equation, an increase in the amountoividth results in an
increase in the sensitivity of the instrument[9]. Due toitireasing demands for
sensitivity from radio telescopes optical fibre is incregs being used in radio
interferometry. The configuration shown in Figure 1.1, vehaigitally encoded data
from the individual dishes are transported to the correl@aommonly used. There are
variations of this setup, but this system needs a phasessthkiak source (generated by a
common clock) at each antenna. The signal received by tlemaats then mixed down
and digitised. This time stamped digital data signal masla laser light source which
transmits the data over an optical fibre to a central cowektation where the various
correlation products are formed with the data from the otli&lies. Examples of
interferometers using this system include the Extendey Marge Array and the
Atacama Large Millimeter Array. An advantage of this setsithiat the information
signal travels a short length (a few ten metres) before ilggised and since digital data
has a higher SNR than analogue data, the integrity of therrdton signal is assured
when it enters the correlator stage some distance waglisadvantage of this setup is
that the digital electronics local to the antenna is a paesource of RFI that can be
picked up by the sensitive RF front end.

The optical fibre system illustrated in Figure 1.2 is not adely used in radio astron-
omy. Here the suitably band shaped and amplified RF signadaoong the astronomical
information, intensity modulates a laser transmitter dreresultant light signal is trans-
ported over optical fibre. In the digital back end room sonsg¢agtice away the light signal
is detected and converted back to RF, which is mixed down &gitised before being

combined with signals from the other dishes in the correla&onajor advantage to Con-
figuration B is that the electrically noisy digital back esdyeographically removed from
the sensitive dish antenna. A disadvantage is that the Rénashical signal travels a
larger distance than the system in Figure 1.2 and is thus suseeptible to being dis-
torted. Another important disadvantage is that traditilgrthe optical transmitter used in

LCorning LEAF fibre at 1.9 dB/km @ 1550 nm in 2008
2In the data communications world, a rule of thumb is that @vpgcheaper than fibre up to about 100

m
3
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these links have a poor signal dynamic range which has iatpdies for the linearity of
the system in a RFI environment. At this time two major irdenineters uses this optical
fibre installation: the Allan telescope Array (ATA) at Hakek in the USA, and GMRT
in India. Table 1.1 is taken from [10] and summarises the atiges and disadvantages
of analogue optical transmission.

Table 1.1: Advantages and disadvantages of analogue bjpéinamission
| Advantages | Disadvantages |

Less complex Very sensitive to parameters

affecting RF transmission (Phase

amplitude, temperature,
wavelength)

Reduces hardware and bandwidth System costly and requires less

requirements common components
Major hardware located at centrgl Requires at least 20 dB SNR at
location receiver
Reduced risk of radiated Limited dynamic range
interference

No additional skill/training
required to build, test and install
units
Easy to maintain

In both configurations the final outcome is a data product wisdurther processed to
form the astronomical images. The article in [20] gives aroituction to the different
ways of transporting astronomical data from a radio telps@ver an optical fibre link.

1.5 Optical fibre link in KAT-7

The KAT-7 telescope will make use of a high fidelity, analogygtical fibre signal trans-
port link. The optical fibre link requirements discussedhis dissertation will be based
on the requirements of the KAT-7 dish.

The design of the RF chain in each KAT-7 dish follows the agitfidbre configuration in
Figure 1.2. The full 1200 MHz to 2000 MHz bandwidth is broudbtvn by coaxial riser
cable to the antenna pedestal and then transported usingea lamalogue optical fibre
link over a 6 km distance.

As mentioned, maintaining the signal integrity of the astnmical signal received by each
telescope is important for the image quality of a radio ifiet@meter. Since the radio as-
tronomy community does not have extensive experience iigule optical configuration

described in Figure 1.2, the effects on the signal integthitg to this RF front end con-

figuration require careful study. This dissertation attesrip characterise the limitations
of an analogue optical fibre link and focuses specifically aim gtability, phase stability

and dynamic range properties of the link.
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1.6 Objectives

The objectives of this research are to:

1. Understand the gain stability, phase stability and dyoaange requirements of
the optical fibre link for KAT-7.

2. Quantify the gain stability, phase stability and dynarainge of an analogue optical
fibre link using optical transmitter and receiver units foe KAT-7 receiver chain

3. Develop tools and techniques to measure these perfoenamameters

4. Conclude on the feasibility of an analogue optical fibné fior KAT-7 telescope

This dissertation thus characterises important perfoomgarameters of an analogue op-
tical fibre link and concludes on its feasibility for KAT-7.h& degradation (if any) of
performance over time of the key parameters and the ratyabil the analogue optical
fibre link is not tested in this dissertatitn

1.7 Plan of development

This dissertation document is structured as follows:

Chapter 1 (this chapter) introduces the topic of radio fetemetry and highlights the
requirement of signal fidelity of components in the RF chdithe radio telescope front-
end. It describes the role of optical fibre link as the mearnsaosporting the astronomical
signal in the MeerKAT array and the need to quantify the penéince of certain param-
eters of the link to evaluate its suitability for radio astoony. The objectives of this dis-
sertation is then stated and the chapter concludes withaipigsn of the development
of the thesis.

Chapter 2 introduces the components making up an analodisaldjbre link. It intro-
duces the practice of Calibration in a radio telescope anghasises that the frequency
of the process of calibration is primarily determined by steility of the radio telescope
RF front end. The gain stability, phase stability and dyrarange performance param-
eters are defined and its relevance to radio astronomy disdud he requirements from
the KAT-7 RF front end are presented and optical fibre linkgpationed a part of the
requirement. The apportioned requirements are listedleTa2. The chapter concludes
with a thermal model of the KAT-7 environment which will beagkto evaluate the optical
fibre link against the KAT-7 requirements.

4Although if one keeps in mind that the telescope is designe@® years and the MTBF of analogue
optical transmitters and receivers are of the order of 4@syaoxcom) and 29 years (Photonics)



Table 1.2: Requirements of the KAT-7 radio frequency fromd @nd the requirement
apportioned to the optical fibre link[28]

Performance parameter RF frontend| Apportioned
requirement| requirement for
optical fibre link

Phase stability [max degrees change over 10 minutes 8 2
or max degrees change due to 10 degrees change in
azimuth and elevation movement of the dish]
Gain stability [max gain change in dB over 10 0.07 0.03
minutes or max gain change due to 10 degrees
change in azimuth and elevation movement of the
dish]

Dynamic range [dB between noise floor and 1% 40 40
compression]

Chapter 3 discusses tools, methods and materials used sureghe performance pa-
rameters discussed in Chapter 2. Phase and Gain is measimngdauvector network
analyser coupled to a computer running the Labview apphicegoftware. The general
setup is shown in Figure 1.3. The uncertainties of the maagtools are then introduced.
The chapter concludes with a description of the optical fibstallation on the XDM dish
which is used for some of the experiments.

-
=t Analyzer
(/]

{Ew

ooo
ocoo

PC LABVIEW

3x DATAFILES

1

MATLAB
I

ouT
Jl P GUTRLT

RESULTS

Figure 1.3: General experimental setup to measure gainlzaskstability

Chapter 4 describes the experiments and results of gaiitstédsts done with the Pho-
tonics analogue optical fibre link. First the gain stabibfya spool of optical fibre was
measured. This produced the relationship of 0.00045 dBZk#n/0.00003 dB which

showed that for the KAT-7 lengths the optical fibre does ndkeresignificant contribu-
tion to the gain stability of the link. Then the gain stalyilif the optical fibre transmitter
and receiver is quantified. This was done by subjecting thieapransmitter and re-
ceiver, coupled with a 2 m length of fibre, to temperature glearwithin a temperature
chamber. This produced a result of about -0.02 dB/C as shoWwigure 1.4 and identified
the thermal stability of the optical transmitter and reeeias the primary contributor to
the gain stability of the link. Using the gain stability figasrof the optical fibre and of the
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Figure 1.4: Gain change with temperature of Photonics Ré¥t-blire transmitter and
receiver link (short length of fibre)

OTx-ORx in the KAT-7 thermal model showed that the analogotical fibre link passes
the gain stability requirement of KAT-7. The next experimaas to measure the gain
stability of the combined system using a real optical linktatled on the XDM telescope.
A gain change of -0.00043 dB over 10 minutes during a winteisstiwas measured.
Finally an experiment was run to check the gain stabilityfgrenance of the XDM tele-
scope while the dish was being moved. Figure 1.5 shows tedig¢haviour is repeatable
between different runs of the experiment. The worst casaegdan gain over 10 degrees
of azimuth movement is 0.024 dB .

Chapter 5 describes the experiments and results of phdsktgtasts done with the Pho-
tonics analogue optical fibre link. First a fibre spool waspthin a temperature chamber
and subjected to temperature changes producing the radaigure 1.6. This is calcu-
lated to be be -2@-1 degrees/km/C. The phase stability of the optical fibresimatter
and receiver linked by a 2 m fibre patch cord was measured. faege in phase is
about 1 degrees with a 15 C change in temperature with an tanagrof 100%. From
this is is concluded that the OTx-ORx does not contributehtoghase stability of the
link, especially considering that it is usually placed inharmally stable environment.
These values were then applied to the thermal model of the KAmd it was seen that
an analogue optical fibre link passes the KAT-7 requiremBimé. next experiment was to
measure the phase stability of the combined system usingtaala@ptical link installed
on the XDM telescope. This resulted in a phase stability d+8.3 degrees/C which
results in a phase change of about 1 degree over 10 minutes pfdse stability was
then checked with movement of the XDM dish. The phase ineehy about 2 degrees
over 360 degrees of azimuth movement, thus over 10 degreeswment it makes an
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Figure 1.5: Gain changes versus Azimuth position on XDM dish

insignificant contribution to the total phase stability.

Chapter 6 describes the laboratory measurements of thendynange of the optical fibre
link. A Foxcom link was used as the device under test. A dycawmge of 48 dB was
measured and this meets the KAT-7 requirement.

Chapter 7 summarises the results for the gain, phase anandynange measurements
and compares it to the requirements. It can be concludedathanalogue optical fibre
link can fulfill the requirements for the KAT-7 radio telege It then concludes this
dissertation with comments on the gain, phase and dynamgenaesults and future work.
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Chapter 2

Analogue Optical Fibre Links, Radio
Astronomy Requirements and
Definitions

This chapter introduces RF-over-fibre technology. The ablealibration in radio tele-
scopes is explained. The radio interferometer requiresnaigain stability, phase stabil-
ity and dynamic range is defined and the KAT-7 specificatiamgtiese parameters are
presented. The chapter concludes with a synthesis of a #henodel which is based on
the KAT-7 thermal environment and against which the anatazptical link will be tested

2.1 What is an analogue optical fibre link?

An optical fibre link is a system consisting of: an opticadagansmitter, a light guiding
medium and an optical detector. In this dissertation it i@l as a system that takes as
input a RF signal which intensity modulates the optical ddigét of the transmitter. The
light output is transported over some distance to the othéroé the link via the optical
fibre, which is normally protected within a cable. The RF sigs recovered by a light
detector inside the optical receiver. This system is itatsd in Figure 2.1.

2.1.1 The Optical transmitter

Optical light sources for optical fibre can be divided intodegories: monochromatic
incoherent sources (LEDs) and monochromatic coherentesutasers). For reasons
explained in [25], the laser diode is the most commonly uggd source for high fidelity
communications over single mode fibre. Some of the factaiside its narrow spectral
bandwidth, its size and configuration being compatible Veitinching light into an optical
fibre and that it couples sufficient power into the opticalditr overcome the transmission
losses.

11
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Figure 2.1: Optical fibre link block diagram

The optical transmitter component, used for analogue itnggsson, usually consist of the
laser diode and the lasing cavity which emits at a specificlesgth. At the current state
of technology, intensity modulation is the most widespree@ns of modulating the laser
light travelling over the optical fibre. Intensity modulatiis realised by either control-
ling the power output of the lasing mechanism, which is knasmirect modulation, or
having a fixed lasing system and having a component to madthatemitted light and
is classified as indirect modulation (for e.g. Mach Zehndedutators). [5] provides an
introduction to the different kinds of modulation.

2.1.2 The Optical fibre transmission path

Optical fibres are waveguides for the light waves emittednigydptical transmitter. As a
waveguide, it has low lossis a dispersive medium and is linear at the power levels that
the analogue optical transmitter used in this dissertamiis at (< 10 mW). An optical
fibre consists of a core and a cladding as shown on the right §ide of Figure 2.2. The
size of the core determines how many modes of the electroatiagmave (the light wave)
propagate. This separates optical fibre into 2 broad classgge-mode and multimode
(see Figure 2.2). Multimode fibres have core diameters ofi&0and more, allowing
many modes of the electromagnetic wave to propagate. Singtie fibre has a typical
core size of um and allows only 1 mode to propagate. For analogue sigrrarnasion
in radio interferometry, where signal integrity and the m@nance of phase information
is important, single mode fibre is used.

2.1.3 The Optical receiver

At the receiver end of the optical fibre transmission linedpgcal information is detected
in an optical receiver. As explained in [5], to recover arendity modulated optical
carrier requires: 1) a material that can absorb the optieakw?2) A device structure that
can be fabricated in this material and 3) the ability to aziltbe carriers generated by the

LCorning LEAF fibre optical attenuation at 0.19 dB/km @ 1550inr2008
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Figure 2.2: Multimode and single mode optical fibre. The aafrsingle mode fibre is
about 5 times that of multimode fibre allowing only a singlede®f the electromagnetic
wave to propagate.

absorption and to convey them to an external electricalitir@ he external circuit consist
of a trans-impedance amplifier and further amplificationriodthe recovered RF signal
up to a usable level.

2.2 Calibration

Before discussing the performance requirements of thealdibre link it is important
to introduce the process of calibration of a radio telesc@aibration, as used in radio
astronomy, is the process of correcting the astronomidalfda measurement errors due
to the radio telescope’s instrumentatioriThe calibration parameters of interest in this
dissertation include gain and phase stability errors. #olistable extraterrestrial sources
is periodically published with accurately measured powscsa (or flux density). A
radio telescope regularly points to these sources (if sabthe time) and compare what
is measured with what is expected (as contained in this. [iBhjs generates an error data
set which is then used to correct the subsequent set of astioal data received with the
telescope in that calibration cycle.

Calibration of a telescope takes up scientific time durirggydperation of the telescope
and thus its frequency needs to be minimised. The gain ansepdtability are primary
determinants of how often the calibration process is peréat. Better stability of the
receiver instrumentation means longer periods betweebhratbn and consequently a
more efficient astronomy instrument. A time often mentioisethe scan time, which is
the time that observations take place between calibratiom&AT-7 a scan time of at

2Calibration also corrects for errors due to the earth’s givanatmosphere
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least 10 minutes is sought[11]. These requirements aredlm@s@lanned astronomical
functions of the telescope.

2.3 Performance definitions and requirements for KAT-7

As mentioned, radio astronomy places stringent perforemaaquirements on the RFE
(radio frequency front end). The following performancegmeters of the optical fibre

link are critical to the performance of the radio interfeeters when used in the receiver
chain:

1. Gain stability
2. Phase stability

3. Signal level dynamic range

Each of these requirements will now be defined in this chagdrits relevance to radio
astronomy discussed.

2.3.1 Gain stability requirements

Gain stability can be defined as the drift in the gain (or la§s) component over time.

The equivalent input system noise temperaflyef the KAT-7 RFE is expected to be
of the order of 20 K. The astronomical signal is buried in tiiése. Since the nominal
output power level which is passed to the digitisé?gs -30 dBm in a bandwidth of 800
MHz, a net gain okTsB/P, = 70 dB is required. With various cable, splitter and other
losses in the system the actual gain may be somewhat higheen\wbnsidering design
goals like minimising the system noise temperature and migkig the dynamic range
of the system, this gain will be distributed throughout tHeERchain (This paragraph is
adapted from [6]).

To support total power radiometry it is required that thegeah be stable between cali-
brations. Gain stability also has an influence on the seitgitf the radio telescope. The
gain stability requirement for the RFE of KAT-7 is as follaws

Gain stability of the whole RFE : 0.07 dB change over 10 minutes and less than 10
degrees of movement in azimuth or elevation

Since there are multiple components forming part of the Ridtcthis requirement needs
to be apportioned between each component. The optical filkdnds thus been appor-
tioned the following requirement:

Gain stability of optical link : 0.03 dB over 10 minutes.
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2.3.2 Factors that influence the gain stability of an analoge optical
fibre link

Change in temperature of the laser transmitter and receiver

The average output power of the laser link decreases/iseseahen its temperature in-
creases/decreases. Measurements done on the Miteq litk1(\wietre of fibre) showed
a linear drift in the gain @ 1.5 GHz of -0.03 dB/C. This reqaitbat the optical trans-
mitter and receiver be temperature stabilised. The Foxadatriaube used in KAT-7 has a
factory measured gain stability 6f0.004 dB/C. Since the Foxcom unit will be thermally
coupled to a 251 C water cooled platet:0.008 dB is the expected stability. Section 4.2
describes the experiment and results to measure the ghihtgtaf the Photonics optical
transmitter and receiver.

Bending of the optical fibre

The Corning LEAF datasheet [4] states a change in atteruatie 0.5dB/km for a bend
of 1 turn around a 32 mm mandrel. This will not have an effectlie KAT-7 telescope
since the optical fibre cable will buried and not subject toveroent during operation. It
is an issue for a Configuration B (see Figure 1.2) radio telesdf an optical fibre riser
cable is used. The riser cable is the cable between the pédestthe antenna focus and
is thus subject to bending and torsion where it passes thrthegazimuth and elevation
cable wraps. A technical explanation for the losses duendibg is explained in section
3.6 of [25]. Basically, for a particular wavefront, the paftthe wavefront on the outer
radius of the bended fibre waveguide need to travel fastarttieapart of the wavefront on
the inner radius. Since it cannot do so, some of the energpesadnto cladding causing
a loss. Section 4.5 describes the experiments and results of gaasuements made
on the XDM optical link during movement. Appendix B descslibe mechanism of the
XDM cable wraps

Change in temperature of the optical fibre

The Corning LEAF fibre datasheets states a worst case liggriuation of 0.05 dB @
1550 laser wavelength, with a change in temperature of -GD€8% C. This is less than
0.0014 dB/C/km for the RF signal assuming that the gain (&8)lcs linear over tempera-
ture. Section 4.1 describes experiments and result of timesgability of an optical fibre
spool subjected to temperature changes.

3An other effect on the amplitude of the wave during bendirgion of the optical cable is the changing
polarisation mode distortion (PMD). This would manifestrmas an additional noise on the output signal
and less as an average gain change affecting the gain stabit we're interested in in this dissertation.
The effect would also be small for the <5 GHz RF signals beoms@ered in this dissertation.
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Aging*

Silicon fibre has a water peak in the 1360 - 1460 nm spectral.b@his results in ab-
sorption of light energy of this wavelength travelling iretfibre and thus an attenuation
in the optical link. Optical fibre manufacturers have mambgereduce this water peak
in modern fibres. Over time however water molecules get welbsd into the fibre and
this results in increased attenuation of the optical linkisTaging effect can however be
assumed to happen on durations >> 10 minutes and is thus eehbg\calibration.

Power supply stability

A figure of 0.06 dB/V gain stability for supply variations hasen quotedifor the Foxcom
optical link. Power supply stability thus needs to be coeed during the design of the
power supply for the optical transmitter and receiver. ftasmeasured in this dissertation

2.3.3 Phase stability

Phase stability can be defined as a drift in the phase at afispieequency component
in the transported signal over time. The ph&ef the transmitted signal is directly
proportional to the propagation delayand is given by:

© = 2l foT in radians

— .9
T = 5m7, In seconds

Wherefg is one of the frequency components in the transmitted signal

The propagation delay (and thus the phase) of a signal liry¢hrough the optical fibre
varies with fibre thermal expansion and change in fibre réfraadex with temperature
and tension[3].

In radio interferometry phase stability is a critical regument for the telescope. The
greater the phase instability, the greater the level of detaiion of the synthesised beam.
Decorrelation causes a decrease in sensitivity and résolot a radio interferometer.

Note that decorrelation happens due to phase differerftitikr calibration) between the
signal paths of the many antenna-receiver systems makitttgeupe interferometer. Thus
if on each path the total phase change is equal, then théardareter as a whole is still
operating at ideal performance in terms of phase stabilitg differential phase stability
requirement for the RFE is:

Phase stability of whole RFE: 8 degrees RMS @ 2 GHz over 10 minutes and less than
10 degrees of movement in azimuth or elevation

4The information in this paragraph was explained duringgig\xcommunications with an optical fibre
engineer, Dirk Wolmarans of CBI-Electric in South Africarihg 2009
5This was during private discussions with Foxcom and is n@jué normally quoted in their datasheets
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The phase stability requirement apportioned to the RF-tlgez link is:

Phase stability of optical link : 2 degrees RMS @ 2 GHz over 10 minutes

2.3.4 Factors that influence phase stability of an analogueptical fi-
bre link

Change in temperature of laser transmitter and receiver

The greater the group delay of an active component the maeeptible this component
is to phase instability. This is true because group delay avand is the derivative of the
phase change. Thus equal positive % changes in group delayemperature will cause
a bigger change in phase in the higher group delay deviceligdower group delay one.
The optical links worked with in this dissertation have gvalelay specifications of the
order of 10 s of ns. Group delays in the Miteq, Photonics anxt&im devices are 10
ns, 62 ns and 20 ns respectively. In Section 5.2 an experimeasuring phase change
with temperature of the OTx-ORXx is performed and the Pha®device’'s had a phase
change of about 1 degree over a 15 C change in temperatute tiWibptical transmitter
and receiver being in a relatively stable temperature enment its expected to have an
insignificant effect on the phase stability of the link.

Bending of optical fibre

The bending of the optical fibre causes tensile stressesasdkte refractive index of the
fibre to change at areas local to the bend[3]. Refractivexiintianges cause changes in the
propogation delay of the light down the fibre and thus the ptashange. Experiments
measuring phase stability due to movement on the XDM linlkdaseribed in Section 5.5
and showed insignificant effects due to bending.

Change in temperature of optical fibre

As will be seen, temperature is by far the most significantrdoutor to phase insta-
bility in the optical link. Temperature changes on the fibaese the refractive index to
change, which causes the propogation speed and thus thegattagn delay to change [3].
Changes in temperature of the fibre also result in thermalm®sipn/contraction which in-
creases/decreases the propogation delay (thus phase) sigtmal down the fibfe A
value listed in [7] for delay stability of non-cable optiddire is -8 ppm/C . In KAT-7,
most of the fibre will be buried at least 1 metre deep and thasghtability is expected to
be sufficient over 10 minutes (see Section 2.4.2 later).driMBerKAT dish where an op-
tical fibre riser cable will most likely be used (due to theadez bandwidth requirements),

6This is not as big a problem as the refractive index changé®at 5 GHz frequencies of KAT-7
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phase stability need to be optimised with the design andrmguof the cable. Sections 5.1
and 5.4 describe experiments of phase stability with teatpez changes on the fibre.

Aging

No information have been found in literatdrdout any effects are likely to happen over
timescales much greater than 10 minutes.

2.3.5 Dynamic range

Signal level dynamic range of the receiver of a componerd usthe RF chain is defined
in this dissertation as the ratio between the 1% gain corsfmmepoint and 20 dB above
the noise floor. The primary requirement for dynamic rangedio astronomy is to do
quality radio science in the presence of RFI.

Desired SNR as the lower level

As stated above dynamic range is determined by 2 levels.oier level is determined by
the desired SNR (signal to noise ratio) by components ditet NA. SNR is a common
parameter used in the design of RF receiver systems in talacmications. A 20 dB
SNR at the input of a component means that the noise corgdbut that component in
the chain is 1/100th of the information signal level. SNRhigg a function of the noise
floor of a component and the nominal signal at the input of tmagonent.

The upper level due to gain compression and RFI distortion

The upper level exists due to the normal occurrence of dadaran a linear and active
RF component at the higher input powers where the gain gafghction becomes non-
linear. The 1dB gain compression point is defined as the ipputer level where the
output signal is 1 dB down from the theoretical power levelampression did not occur.
Figure 2.3 illustrates the input and output gain compresgmnts.

Due to the increasing non-linearity as the input signal apphes the saturation level of
the amplifier, mixing of the input frequency components ocQf particular concern are
the 3rd order inter-modulation products as these are patignwithin the operating band.
The 3rd order inter-modulation products are representezifpy f, and 2f, — f1, where
f1 andf, are in-band frequencies. Thusfif= 1.5 GHz andf, = 1.4 GHz, then 2, — f»
and 2f, — f; equals 1.6 GHz and 1.3 GHz respectively. All amplifiers gateethese 3rd
order products. The lower the level of input signal to the Hiep relative to its 1dB
compression point the lower the level of the inter-modolaproducts.

"There have been papers describing permanent changesth téfigpre which could affect the absolute
phase shift as it passes through the system, but this happenextreme temperature excursions and would
not be applicable for the conditions in radio astronomy.ddslof course a radio telescope is build in space!
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www.spectrummicrowave.com). The red graph illustrates thal transfer function
and the blue graph represents the ideal system where satutlaes not occur.

Even in the relatively radio quiet environment of the Karthe KAT-7 telescope will still
be subjected to radio interference. A particular problerthes GPS and Afrisat set of
satellites and distance measuring equipment (DME) sigrats passing aircraft. These
signals operate inside the KAT-7 operating band and are rstromger than the radio
astronomy sources the radio telescope is observing. Even wit pointing the telescope
directly to these satellites interference can still be petlap via the antenna sidebands. In
the KAT-7 system the entire band is transported (thus nohnidtering) through the RF
chain and then digitally channelised. If any of the frequeritannels are affected by RFI
they are discared. This works provided the dynamic rangeeoRF chain is sufficient, as
when the amplifier saturates, information from all the frergey channels in the band are
corrupted.

To minimise the inter-modulation distortion the receivbposld be designed to behave
linearly even in the presence of the relatively powerful maade interference. Radio
telescope designers thus use the 1% compression point apikelevel for the devices
in the chain. It has been shown in [18] that the 1 % compregsoant is 14 dB below
the 1 dB compression point. At 1 % compression the fundarh@ntarmation) signal is
down 2 % while the inter-modulation products are down by areptable 48 dB.

Dynamic range requirement for the optical fibre link

The desired SNR and the 1% compression thus define the dynange requirement for
each component in the chain (for components after the firgt)LWhe designer of the
RFE chain should choose the components and design the gé#ilbation such as to get
the desired dynamic range and SNR throughout the systemKADi7 the optical fibre
link requirement is as follows:

RFE Dynamic range requirement : With a SNR of 20 dB the headrodl% compression
> 20 dB.
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2.4 Definition of thermal environment in which the opti-
cal fibre link will be qualified

As seen earlier, temperature changes are the primary botdrito the gain and phase
stability of the optical fibre link. To determine whether thgtical fibre link will meet
the gain and phase stability requirements, the thermat@mwient of the link needs to be
defined. The requirements defined in this section are retatdte KAT-7 environment.
The optical fibre link is distributed over 4 environments:ti¢ antenna pedestal where
the optical transmitter is located, 2) the 5 km undergroweatisn where the optical fibre
cable is situated, 3) transitional cable between the umdengl fibre cable and the patch
panels, and 4) the computing container where the opticelvecis situated.

2.4.1 Thermal environment of the optical transmitter at theantenna
pedestal

For KAT-7 the optical transmitter is mounted on a temperatontrolled platform. The
platform consist of a hot and a cold plate with peltier copli@rthe center. Temperature
control of the cold plate is done via PID controller and th&dde of a peltier cooler.
Excess heat on the hot side of the peltier is removed with amiaium plate with 25
C + 1 water circulating through it. The cold plate is controlkedwithin 0.05 C of a
setpoint. Temperature changes and thus temperaturetstaieér 10 minutes would thus
be negligible.

A cost and reliability saving can be made by removing theigrettircuitry altogether.
This leaves the optical transmitter to be subject tottieC water cooling for KAT-7. The
optical transmitter gain stability contribution will betesated on the assumption that its
platform changes byA2 C worst case over 10 minufes

2.4.2 Thermal environment of the underground optical fibre @able

In KAT-7 the underground portion of the optical fibre cabléigied at least 1.2 m un-
derground. For the 5 km stretch of buried optical cable inside a duchwit effective
depth of about 1.2 m an estimate of the variation in tempegatxperienced by the buried

8This requirement is not based on any previous experiencemaded for purposes of having a defi-
nition. Under steady state and normal operation the KATegtebnics would not generate enough energy
to heat the water by 1 C within 10 minutes. From practical eigpee of the water coolers installed in the
Karoo, there is an immeasurable change in the water temyeraver 10 minutes. The tolerance on the
water specification is entirely due to the unlikely situataf > worst case heat loads on the water cooling
lines.

9t is in fact placed inside a sub duct and not directly burigdr the analysis in this section it will be
assumed that there is no air flow inside the duct and that #venl environment inside the duct is the same
as if the cable was buried directly in the soil. This is a fasamption as the KAT-7 ducts are specified to
be sealed for air flow at both ends. Air flow through the duct Mawegate the thermal insulation provided
by depth of burial of the cable
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cable is expressed adT = dTenel~9/P) whered Teny is the environmental variation, d
is the depth to which the cable is buried and D is the scalehdefpthe soil, expressed
asD = \/I; wheren is the soil's thermal diffusivity andP the period over which the
temperature change takes place[27]. With an ambient teatyperchange of 15 C to 45
C over 24 hour¥ giving adTeny 0f 30 C and with the soil’s thermal diffusivity at around
0.18 [x 10 ®nPs 1] (for the dry clay soil in Carnarvo)!?, the temperature variation at
a depth of 1.2 m would be t 10-® C over a period of 24 hours. This is practically 0 C
temperature change in the thermal environment of the difitoca cable. This component
to the thermal model will thus be ignored.

2.4.3 Underground to Receiver rack / Pedestal transitionalibre ca-
ble

When considering the optical fibre cable at the exit and eng@oints to the underground
cable let’s for the worst case assume that 10 m of cable (5 nmaoh side of cable) is
exposed as it gets connected to the optical transmittereceiver. These cable lengths
will be in the shade and for the worst case, let's assume hieatdble will follow a cycle
of 10 - 30 C over a period of 24 hours. This equates to a max ehantgmperature of
0.28 Cin 10 minutes.

2.4.4 Thermal environment of the optical receiver at the digal back
end container

This environment is equivalent to the transmitter envirentrof A2 C over 10 minutes.

2.5 Summary

The 3 components constituting the optical fibre link havenidentified. The calibration
process has been introduced, its relation to phase and tgditity explained and some
of its shortcomings have been mentioned. The SCAN time has Hefined and is the
time in which gain and phase stability requirements are ddfinThe 3 important RF
performance requirements of gain stability, phase stglahd dynamic range, have been
defined and its relevance to radio astronomy discussed. S§bfaetors affecting the gain
and phase stability have been identified and explained. Ama@ment based on KAT-7
is defined in which the gain and phase stability of the anaazptical fibre link will be
tested against the KAT-7 requirement.

1%typical hot Summer day at the KAT-7 site

UThis thermal diffusivity value can be found at many sources$, found it @
http://apollo.Isc.vsc.edu/classes/met455/notestsed® . html during January 2010.

121 the soil is moist this value is smaller, i.e. heat flows tgb quicker thus decreasing the thermal
insulation properties
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Chapter 3
Tools, Method and Materials

This chapter discusses the methods and materials usedftorpehe experiments con-
tained in this dissertation. A set of tools are describedcivimeasure the gain and phase
of a generic device under test and outputs this informabdet files. It summarises the
main features of the optical terminal devices used as theee@nd detector to measure
the properties of the optical fibre. A section on measurintpogty is presented. Finally
the XDM fibre installation at HartRAO is described, which ged to generate the dataset
for some of the results of this dissertation.

3.1 Starting with the measuring tools

3.1.1 VNA

The Rhode & Schwarz ZVB8 vector network analyser (VNA) waailable for the du-
ration of the experiments described in this dissertation/MA measures the scattering
parameters of a network over a user-defined frequency rédcggtering parameters are
explained in [14].

For the purposes of this dissertation the S21 parametequsresl in this 2 port system as
it represents the transmission coefficient of the DUT. Tlyglired phase and power gain
data is calculated internally by the VNA using the raw S2kdat

Before the VNA can be used to measure it is required to bereadid. Calibration re-
moves the effectsof the test cable lengths which connect the device unde(D&sT) to
the VNA and other effects internally to the VNA. The R&S ZV-FZ&utomatic calibration
kit was available to calibrate the ZVBS8.

The VNA has an ethernet port which allows a user PC, via thal lm@a network (LAN)
and using the defined protocol, to control the functions ef¥INA and download data
from it. This allows a software application program, likebivéew which is installed on

These are the static effects. It cannot do anything aboutgadibration bending and temperature
changes of these cables
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user PC, to control the VNA and download the measured data ifrcAll these features
are covered in the ZVB user manual [26].

3.1.2 Noise Figure Meter

NF is aratio defined adF = g2« , where the inputis a matched load at 293 K. Thus it is
a measure of the additional noise contributed by a DUT at titygud when the input to the
DUT is terminated in a matched load at 293 K. This informatian be used to determine
the absolute noise power contributed by the DUT inside argbandwidth. NF can be
measured using a hot and cold load connected to the DUT and tis outputs of the
DUT together with Y-factor method to calculate noise figur¢éhe DUT as explained in
[19].

A NF meter measures the NF using the Y-factor method. It usesse head as the input
load which contains a noise diode producing a calibratedenoutput. When the noise
diode is on it produces a noise temperature which is multiples the room temperature
and this is regarded as the hot load. When it is off it prodw@cesatched load at room
temperature and this noise level is considered the cold [Dlael ratio between the hot and
cold output levels coming out of the noise head is called tteEs Noise Ratio (ENR)[1].

Measurements of NF for the results in this dissertation veaedvith an Agilent N8975A

using a noise head with ENR of 6 dB. Before the NF meter can éé issmeasure NF it
needs to be calibrated. This measures the noise head’s thablthtemperatures during
that specific measuring session and this goes into the Yrfaatoulation.

3.1.3 Labview

"Labview (short forLaboratory Virtual I nstrumentatiorEngineeringWorkbench) is a
platform and development environment for a visual programgrtanguage from National
Instruments... Labview is commonly used for data acqoisjtinstrument control and
industrial automation on a variety of platforms includingckbsoft Windows, various
flavors of UNIX, Linux, and Mac OS...." (taken directly frorRq]).

After installing the PC drivers which provides the API (apption programming inter-

face) to enable the VNA to be accessed over the ethernetjéwaloode was developed in
accordance with the controlling protocol described in [ZThis program collects VNA

data at a user settable number of 1 minute intervals. Thantseface is shown in Figure
3.1

The Labview software expects 3 channels to already haved®tap on the VNA before
it is executed. The output of the Labview program are 3 tegsfiepresenting the gain,
group delay and phase data. The full details of the Labvievggam can be found in
Appendix A.1. Matlab was used to extract, analyse and pwirformation from these
data files.
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Figure 3.1: User interface to Labview program controllihng ¥NA

3.1.4 Matlab

"MATLAB is a numerical computing environment and programmianguage. Created
by The MathWorks, MATLAB allows easy matrix manipulationpfiing of functions
and data, implementation of algorithms, creation of ustrfaces and interfacing with
programs in other programming languages” (taken direobiy[30]).

Matlab was used to extract data from the text file, format tht,ddo signal analysis
and plot the data inside the files created by Labview prograseribed above. Standard
Matlab commands were used to do the data analysis.

3.1.5 Measuring temperature

Two tools were used to measure temperature: 1) The FLUKEimetér with attached
thermocouple; 2) the iButton temperature logger.

FLUKE multimeter

The Fluke 189 multimeter has a mode which allows temperatube measured with a

thermocouple and logged at a user settable sampling rageadhal sensor is the pin size
head of a thermocouple which attaches via a 1 metre cable tmtitimeter. The data is

downloaded from the multimeter using the Flukeview FormssBfBware.
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Figure 3.2: Screenshot of iButton configuration in Climessoftware

iButton temperature logger?

The iButton is a temperature sensor, data logger, real tioekcwith internal battery

sitting inside a 5 mm high, 10 mm wide cylindrical, ruggedismetal container. It has a
user settable sampling rate from 1 minute to 4 hours, andtoae Som 4000 date-time
stamped temperature readings with a temperature resohit@5 C. Data is downloaded
to a PC using a button reader, which is a suitably shaped U%Bntioe interface with the

appropriate application PC software.

The PC software is Climastats version 4 and is a commeraialyat of Fairbridge Tech-
nologies (http://www.fairbridge.co.za/). A screenshidhe configuration screen is shown
in Figure 3.2

3.1.6 Overview of measuring tools

An overview of the measuring tools is illustrated in Figurg.3

3.2 The optical link as the DUT

The analogue optical fibre link consist of 3 components: &ser transmitter with inte-
grated laser modulator, the optical fibre signal transmorséine and the light detector.
From a system point of view, it consist of an RF input and a Ripwiu These ideas
are illustrated in Figure 2.1. The Photonics 1602 link waailable to test the optical
fibre. The Foxcom 7310 is the other link used in this dissernabr the dynamic range
measurements.

2More information can be found at http://www.maxim-ic.c@muducts/ibutton/ibuttons (accessed on
05/11/2008)
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Figure 3.3: Overall diagram of measurement setup

3.3 Measuring uncertainty

This section does an analysis on the uncertainty in thetseatiich will be described in
later chapters of this dissertation and proposes an errawitian which measurements
can not be measured precisely. Here will be reported on agriement done on the VNA
with its test cables to determine the uncertainty of the meag system.

3.3.1 VNA and test cable stability and uncertainty

All experimental measurements were done in air conditidakdratories using the VNA
and test leads. The following analysis is thus applicablalltthe results. The ambient
temperatures surrounding the experiment are controllegdlt@ by air conditioning. The

VNA, as with most RF systems containing amplifiers and mixcs has its own gain

and phase stability performance with temperature. Andidaor is the uncertainty in

the detector of the VNA where one contributor would be thengjgation error of the ana-
logue to digital converter inside the VNA. The VNA specificatsheet lists the following

specifications:

Gain stability = 0.05 dB / K

Gain Uncertainty = 0.03 dB

Phase stability = 0.4 degrees/K

Phase Uncertainty = 0.2 degrees

The test cables used also has a temperature dependennpart&. Data found in [7]
for the RG223/U cable used indicate that it has a phase ceeiffiof -70 ppm/C in the

3Note that in the analysis in this section changes in the migpaccuracy with temperature is not
considered. It is assumed that the accuracy is constanttow@mbient temperature ranges that the VNA
is subject to and thus cancels out when calculatingtparameters which are needed.

26



100 200 300 400 500 600
T T T T T -3.19

41-3.21

e i

-1-3.26

25.5O

1-3.27

23.5 : : : : : -3.28
0 100 200 300 400 500 600

Figure 3.4: Demonstration of VNA gain stability with tempaire changes over 4 days

room temperature range. The gain change is assumed to bgiblegior this length of
cable. The total uncertainty can thus be seen as the sum widivedual uncertainties as
captured in the following equation:

Gain stability = VNA contribution + Test lead contribution(8.05 x 2+ 0.03)+(small)
=0.13dB

Phase stability = VNA contribution + Test lead contributmri0.4 x 2+0.2) + (1) = 2
degrees

3.3.2 Putting the measuring uncertainty into perspective

An experiment was run over 2 days in the laboratory using ¢tepsdescribed in Figure
3.3 with the DUT being a 3 dB attenuator tightly wrapped inregtyam. The styrofoam

was used to isolate the DUT from ambient changes. Any tererdependence of the
attenuator value can thus be ignored thereby leaving the Yé¢dfcable system as the
only variable. An iButton sensor was used to measure theerhlbemperature in the
locale of the VNA.

Figure 3.4 show the temperature and measured gain variattitre VNA-test cable sys-

tem over 4 days. The first thing we notice is the roughnessgilibt. This is an indication

of the 0.03 dB VNA uncertainty mentioned earlier. Over time see a negative corre-
lation with temperature. There is a peak change of about B.With a peak change in

temperature of 2 C. This roughly agrees with the worst caaagd of 0.13 dB calculated
above.
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XDM dish

Figure 3.5: Picture of HartRAO radio observatory and XDMndigth optical cable path
(as adapted from [8])

3.3.3 Conclusion

The VNA has its own measuring uncertainty for gain and phasasuwrement. With the
VNA placed in an air conditioned environment the VNA and teatls measures gain and
phase with an uncertainti0.13 dB andt-2 degrees respectively.

3.4 Fibre under test - The XDM dish fibre installation

The XDM radio telescope is one of the first engineering psqtes en route to the MeerKAT
telescope. It is situated at the HartRAO (HartebeeshoekoRegtronomy Observatory)
in the Guateng province of South Africa. The XDM dish makes afsan optical link to
transport RF and control information between the focus efdish and the control room.
Figure 3.5 shows an aerial picture of the observatory, shgwihere the XDM dish is
situated and the 2 main duct lengths of the optical link. Tibtcal fibre cable has a total
length of around 250 m, giving a round trip fibre length of ard%00 m.

3.5 Conclusion

This chapter describes and motivates the methods and alatesied to perform the ex-
periments in this dissertation.

The VNA measures the S21 scattering parameter of the arelogtical fibre link and
internally calculates the gain and phase information withuacertainty. The gain and
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phase uncertainty of the VNA was demonstrated with an ewperi which measured
the drift in the measured value of an attenuator with the VNAairoom temperature
environment. The gain and phase drift is strongly correlatgh the room temperature
and the magnitude compared well to calculated value whidiaged on the published
specification of the VNA.

Noise Figure is measured with a Noise Figure analyser anddagature with the iButton
temperature logger.

The XDM telescope is introduced and the optical fibre linkgibnis described.
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Chapter 4

Gain stability of analogue optical fibre
links

This chapter contains the gain stability results and amatylsmeasurements made with
the Photonics optical transmitter and receiver. Two test®performed: 1) gain stability
of the optical fibre when subjected to temperature changeddra temperature chamber
and 2) gain stability of the Photonics link with a short ldmngf fibre. Then using these
results the expected gain change over 10 minutes (i.e. t@biliy) of the optical fibre
link, in the physical environment defined in Section 2.4,akualated. The chapter con-
cludes with practical measurements of the gain stabilitthef XDM optical fibre link
during sunset and during movement of the dish.

4.1 Gain stability with temperature of optical fibre (long
fibre)
In this experiment a 4260 m length of fibre rolled into a spsdatubject to temperature

changes inside a temperature chamber. The goal of thisiexgdris to measure the gain
stability of optical fibre when subjected to temperaturencjes.

4.1.1 Experiment setup

1. The fibre spool is placed inside a temperature chamber.

2. The Photonics transmitter and receiver is placed outselehamber and connected
to the fibre spool with 2x 2m patch cords via a port on the sidd@tchamber.

3. Gain @ 2 GHz is measured using a VNA attached to the tratesmaihd receiver
using the test configuration in Figure 3.3.

4. The Labview script records the gain measurement of tlkedlid s intervals for 30
minutes
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Figure 4.1: Experimental setup measuring the gain vanat@ 2 GHz of an optical link
when subjecting the optical fibre portion (4km spool) to temapure changes inside a
temperature chamber

Table 4.1: Summary of experimental uncertainties in theearpent to determine the gain
stability of optical fibre with temperature using a fibre spoo

Measured/Calculated Uncertainty source and Uncertainty
parameter value
gain [dB] VNA, +0.13 2.5%
optical fibre length [km] OTDR, 1% 1%
temperature [C] iButton, +0.5 25%
gain/length/temperature, VNA, OTDR, iButton 6 %
[dB/km/C]

5. The temperature in the chamber is logged using the iB@it&0 s intervals.

6. This setup is shown in Figure 4.1.

4.1.2 Experimental uncertainty of measurement setup

The VNA is at lab temperature, thus the gain uncertainty-0f13 dB is assumed. The
Photonics transmitter and receiver has a zero mean gaimgelaer the duration of the

experiment with an uncertainty &f0.04 dB" . The 2x 2 m of optical fibre patch cord has
an very small effect compared to the 4260 m of optical fibreaitiche ignored.

The optical fibre spool length was measured using an OTDRspheific OTDR used is
not known, but it is assumed to measure length with an acgwfat %2

The iButton temperature sensor has an uncertainiy®5b C.

This information is summarised in Table 5.1.

4.1.3 Results

Figure 4.2 shows the temperature and gain results of thisrewpnt.

1A2 C x 0.02 dB/C when using the potential C of the lab environment and using the result of the
OTx-ORXx stability measured in Section 4.2
2Typical OTDR uncertainty as taken from Wikipedia - Opticdame-domain reflectometer,
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Figure 4.2: Temperature and gain @ 2 GHz of fibre spool placsidlé a temperature
chamber to determine the gain stability of the optical fibrénwemperature

4.1.4 Results analysis

The thermal chamber had a poor temperature stability argldalsiable temperature set
point could not be attained. Due to this poor stability of thermal chamber and the low
thermal mass of the fibre spool it was difficult to choose dpetemperatures for this
experiment. To circumvent this problem an area on the result graph isemavhere the
gain and temperature changes linearly, so that the rativeafto plots would be the gain
stability with temperature. The linear region chosen isMeein 700 and 1200 s. Figure
4.3 shows the linear region and the curves fitted to the phatisat region.

The gradient for temperature in that region is 0.052 C/s|exthiat of the gain is -0.00010
dB/s. The gain stability of the optical fibre with temperatis thus -0.0019 dB/C. This
equates to a gain stability per kilometre of -0.00045 dB&nr0.00003 dB.

http://en.wikipedia.org/wiki/Optical_time-domain flectometer, accessed 18/08/2009

3Even though the iButton was placed outside of the air flow efdilamber fan and in a location that is a
best guess to be representative of the air temperature ohttraber when the chamber fan is off. The fibre
spool has a low thermal mass and for purposes of this expetisiassumed to be equal to the temperature
of the temperature sensor. It would have been better to pusgbol inside a box inside the temperature
chamber and measure the temperature inside the box.
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Figure 4.4: Experiment setup to determine gain stabilitymifcal link (short fibre length)

4.1.5 Conclusion

The gain stability with temperature of a 4260 m length of cgdtifibre wound onto a
spool and subjected to temperature changes inside a thelaraber has been measured.
This gives an indication of the gain-length-temperatueffa@ent of fibre which has been
calculated to be -0.00045 dB/kmAE0.00003 dB.

4.2 Gain stability of optical link (short fibre length)

This section sets out to measure the gain stability of theealpransmitter and receiver
parts of the link with changes in temperature. This is ackdely measuring the gain
of the optical transmitter and receiver placed togethdéda temperature chambBer
short length of fibre is used so that the fibre makes an insogmificontribution to the
measured gain stability.

4.2.1 Experiment setup
1. The Photonics transmitter and receiver is linked via a Jtical fibre pigtail.

2. The optical link is placed in a temperature chamber andected to the VNA via
coaxial cable through a side port of the chamber.

3. Temperature was measured with the iButton.

4. Due to the poor temperature stability of the chamber thieadink could only be
measured at 4 temperatures. The gain @ 2 GHz was measuregsl fatltlving

4The optical transmitter and receiver gain stabilities asasured as one parameter in this experiment.
It would have been more useful to measure the gain stabilityenly the transmitter and only the receiver
as in practice the transmitter and receiver are in diffelagtions.
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chamber temperatures: [20.5, 24.5, 34.0, 35.0] C. The gaures are measured
only once the gain values on the VNA display has stabiliseskas by the eye.

5. This setup is shown in Figure 4.4.

4.2.2 Experimental uncertainty of measurement setup

Using the optical fibre RF gain variation versus temperateiagionship of 0.0014 dB/km/C
deduced in Section 2.3.1 a RF gain change contribution aftad®x 10-6dB is expected
from a 2 m length of fibre with the 15 C variation in the temperatchamber. The VNA
is in the lab environment thus has an uncertainty of 0.13 di&. tbtal gain uncertainty of
the experiment is thus: optical fibre patch lead uncertain§NA uncertainty =+0.13
dB.

The temperature sensor has an uncertainty-0f5 C. These uncertainties are sum-
marised in Table 52

Table 4.2: Uncertainties of experiment to measure gairilgyadf the optical link (short
fibre length) with temperature
Measured/Calculated | Uncertainty source| Uncertainty source| Total Un-

Parameter and value 1 and value 2 certainty
Gain VNA Optical fibre testlead 4.3 %
[+dB] 0.03 42x10°6
(Assuming

temperature around
VNA is constant)

Temperature iButton - 2.5%
[+C] 0.5
gain/temp stability gain temperature 6.8 %
[dB / C]

4.2.3 Experiment results

Figure 4.5 shows the gain versus temperature plot. Thidtsemne listed in the Table 4.3.

SAlso, the effective temperature of the optical Tx and Rx isitot known accurately as the temperature
sensor only measures the air temperature in the chambeegibadocal to the units. The units do however
have a solid stainless steel (modules weigh close to 500 lg) €hassis so the effective temperature is
expected to change slowly and this thermal lag effect is miggd by taking the measurement once the
gain value on the VNA display had stabilised as seen with yieeoa the VNA display.

6Note that the fractional uncertainty is calculated usirgyrlie: fractional uncertainty of a/b = sum of
fractional uncertainties of a and b. Here worst case fraatiancertainties are used
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Figure 4.5: GAIN changes versus temperature for Photomiés(short fibre length)
placed inside a temperature chamber to determine the gatilitst of the link. (Raw
data is BLUE, while fitted data in RED)

Table 4.3: Table of gain changes with temperature of Phosoimk (short fibre length)
to determine gain stability of link with temperature

| TEMP[C] | GAIN[dB] |
20.5 3.38
24.5 3.27
34.0 3.14
35.0 3.08
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4.2.4 Results analysis

The dataset consist of only 4 points, so it is not possibledkenprecise conclusion about
the gain-temperature coefficient. The trend however indgthat the gain decreases with
rising temperature. Assuming the result of -0.0£9.001 dB/C then an environment
with a temperature stability of 1.5 C over 10 minutes is regpiif the Photonics link is
to be utilised. Better than 1 degree of temperature stglmirer 10 minutes is easy to
provide using peltier, water cooling, or if practical caastts allow, mounting the optical
transmitter and receiver on a thick enough plate.

Note that the thermal mass of the photonics units have nott@esidered in this analysis
and will further relax the temperature stability requirenseof the environment.

Gain stability data was not available from Photonics so alte®mparison can not be
made

4.2.5 Conclusion

The gain stability of the analogue optical transmitterereer pair, connected by 1 m of
fibre and subjected to temperature changes inside a chahdseheen measured. The
link has a gain-temperature coefficient of -0.G9.001 dB/C.

4.3 The gain stability of the RF over fibre link in the
KAT-7 environment

In Section 2.4 a thermal environment is defined that is basdtd@KAT-7 environment.
Using the measured results of gain stability with tempeeatd the optical fibre and the
transmitter and receiver contained in this chapter, theeetgal gain changes will now
be calculated for the defined environment. The results sfwlhli be used to determine
whether an analogue optical fibre link can meet the requinéfoegain stability for KAT-

7 and other radio telescopes using a similiar configurafiable 4.4 shows the result.

The Again over 10 minutes calculated as 0.038 dB. Even though this rginaly by
(0.01 dB) over the requirement the assumption of the tenyperahange on the cold
plate was during the unlikely event of the water temperatin@nging by 2 C over 10
minutes. In addition, the KAT-7 system has peltiers whichtoa the temperature much
tightly. The gain stability of the optical link is thus a PASS
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Table 4.4: Table calculating the various components daunting to the gain stability of
the link defined in Section 2.4. The total gain change will b&l@ated against the KAT-
requirement.

Optical link component Gain calculation Gain contribution

[dB]in 10

minutes

Transmitter and Receiver | Again= (gain stability of OTx 0.038
and ORXN\T =(0.019
dB/C)(2 C)
Underground optical fibre (6| Again= (length)(gain stability 2x1079
km) of fibre)AT = (5 km)(0.00045

dB/km/C)(1e-6 C)
Transitional optical fibre (30| Again= (length)(gain stability, 1x10°°

m) of fibre) AT = (0.01
km)(0.00045 dB/km/C)(0.28
C)
Total gain change in 10 Sum of the different gain 0.038
minutes contributions

4.4 Gain stability of optical fibre installation of the XDM
optical link during sunset

In this experiment the gain change of the XDM optical fibretafiation is measured
during sunsét This information is used to calculate the gain stabilitghatemperature
of the XDM link which consists of an analogue optical trangeriand an optical receiver
at the ends of a fibre length of around 500 m. The objectiveisfdhapter is to give the
reader an idea of the degree of gain stability one can expatt & RF-over-fibre link in
a real radio telescope installation.

4.4.1 Experiment setup

1. The Photonics transmitter and receiver is connectedaetXM link using two 2
m patch cables.

2. Using the test configuration of Figure 3.3 with the DUT lgeihe optical link de-
scribed above. The experiment was setup to record data atuterintervals for 5
hours.

3. The VNA measured gain @ 2 GHz

4. Experiments ran for a 5 hour period between 16h26 to 21k2Bisawas the time
when the temperature changed most rapidly. The selectitimest intervals was

’Similiar measurements were also made of the link duringisaniDue to the temperature sensor (as
well as parts of the optical fibre cable) being in direct sgimliand as a result reports inflated readings, it
will be excluded from the analysis.
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Figure 4.6: Test setup to measure gain stability with teeoee of the XDM installation
during sunset

Table 4.5: Summary of experimental uncertainties in theegarpent to determine the gain
stability with temperature of the XDM optical fibre link

Measured/Calculated Uncertainty source and| Uncertainty %
parameter value
Gain [dB] VNA, +0.13 25%
Temperature @ dish iButton, +0.5 7.1%
ambient [C]
gain/temperature [dB / C] calculation 9.6 %

based on the environmental data of the preceding few dayseasured by the
HartRAO weather station. This data is shown in Figure 4.8.

5. Temperature measurements were made with an iButtoreldaathe ambient close
to the dish at 1 minute intervals for the duration of the expent.

6. For these measurements the dish points towards Zenith

7. The test setup is shown in Figure 4.6.

4.4.2 Experimental uncertainty of measurement setup

With the VNA in the lab environment the gain measurementg laauncertainty of0.13
dB. The ambient temperature is measured in the vicinity efdish with an iButton and
has a temperature uncertainty-50.5 C.

Using the above information the uncertainty for the gaibiitg measurement with tem-
perature of the XDM link is calculated as 10 %

This uncertainty information is summarised in the Table 4.5

4.4.3 Experiment results
The sunset data is shown in Figure 4.7.

39



0 50 100 150 200 250 30g
T T T

14 T T 24
GAIN [dB] | TEMP [C] |
13}
15.23
12 ARt
5.22
1
11 H
15,21
10+
H |
15.2
9 -
151
al 5.19
7 * * * * * 5.18
0 50 100 150 200 250 300

TIME [minutes]
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time during sunset to determine the gain stability of the XDpdical link

4.4.4 Results analysis

As expected we see that the gain has a negative slope witletatape. To calculate the
gain stability, sections of the graph are chosen where thpd¢eature and gain plots are
linear. A straight line is then fitted to these linear seciofithe gain and temperature plots
and the ratio of the gradients of the gain to the temperatuegfials the gain stability of
the optical fibre link with temperature.

Between 100 and 250 minutes the gain gradient is 4B ®dB/minute and the tempera-
ture gradient is -0.033 C/minute. Figure 4.9 shows the teatpee and gain plots with

the fitted lines.

The gain stability for the XDM optical fibre link is thus calated to be -0.0013 dB/C
+0.0001 dB. This equates to worst case gain change of -0.086048003 dB over 10

minutes in the monththat the optical link was measured.

4.4.5 Conclusion

The gain stability of the XDM optical fibre installation hasdn measured during sunset.
The link has a gain stability of -0.0013 dBA0.0001 dB which results in a gain change

8The link was measured during June 2008. This is a Winter mamdtthe temperature changes are thus
slower than during the warmer Summer months.
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of -0.00043 dB over 10 minutes at sunset during Winter.

4.5 Gain stability during movement of the XDM dish

The azimuth and elevation movement of the dish causes bghthinsional forces on the
optical fibre cable running in the horizontal and verticdbleawraps. This experiments
sets out to measure the changes in gain caused by these nocetsaesses on the cable.
Appendix B contains a more detailed description of the meisma of the cable wraps
used in the XDM dish.

4.5.1 Experiment setup

1. The Photonics transmitter and receiver is connectedeXM link using 2x 2
meter patch cable

2. Experiment starts at around 2 PM when the ambient temperedte of change is
the slowest. This time period was determined from measune e the preceding
2 days ambient temperature as illustrated in Figure 4.8.

3. For the azimuth movement measurement, the dish’s ebevatiordinate is fixed
at 90 degrees and the azimuth position is steered to theniolippositions: [-160
-128, -96, -64, -32 0, 32, 64, 96, 128, 160] degrees.

4. Readings of the gain @ 2 GHz are measured with a VNA at eanfudiz position
change of the dish.

5. For the elevation movement measurement, the dish’s dziooordinate is fixed at
0 degrees and the elevation position of the dish is steertbe tollowing positions:
[90, 80, 70, 60, 50, 40, 30, 20, 10] degrees

6. Readings of the GAIN @ 2 GHz are measured with a VNA at easbagbn posi-
tion change of the dish.

4.5.2 Experimental uncertainty of measurement setup

Each movement run had a duration of a few minutes thus theelapdrature can be
assumed to be constant during that time. The temperatureauent of the VNA un-
certainty equation thus falls away and the VNA can be assumatkasure gain with an
uncertainty of 0.03 dB. The gain changes with temperatutikebptical fibre link can be
assumed to be zero due to the time of day that the experimed dace and thus does
not contribute to the uncertainty. The total gain uncetyair the experiment is thus equal
to the VNA uncertainty of£0.03 dB
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GAIN[dB] @ 1.5GHz vs Azimuth position [degrees]
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Figure 4.10: RF gain changes of optical fibre link versus agmangle of XDM dish for
4 runs of the experiment. Notice that the gain shape is rapkabetween the different
runs of the experiment

The dish position angle has an uncertainty4e# degrees. Radio telescopes position
angles are generally accurately calibrated as it is requiréocate extra-terrestial sources
with arc second resolution. This uncertainty however coaiesit as when entering the
desired angle manually the dish position (as displayed erdibital reado) did not
move exactly to this desired position (might have been a bule dish controller). This
offset was also not repeatable between experiment runsahd bpread of 2 degrees.

45.3 Results

The gain versus Azimuth position data is shown Figure 4.1le dain versus elevation
position data is is shown in Figure 4.11.

4.5.4 Results analysis

For both azimuth and elevation the results are repeatalbidntine uncertainty+£0.03dB)
of the VNA. The 2 degrees uncertainty in dish position doesfeature since the gain
changes slowly with angle (e.g. 0.06 dB between 0 and 32 dsgtlus 0.004 dB in 2

9The dish position readout is based on a mechanical positioader in the dish and is the part that is
calibrated. One can thus expect this reading to accuragslgribe the position of the dish.
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GAIN[dB] @ 1.5GHz vs Elevation position [degrees]
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Figure 4.11: RF gain changes of optical fibre link versusaiewn angle of XDM dish for
4 runs of the experiment. Notice that the gain shape is rapkabetween the different
runs of the experiment

44



degrees).

Azimuth data: The optical fibre cable has a predominantlgitoral force applied to it
when going either side of the unstressed position (at anirangle -30 degrees). Infor-
mation of the physical dynamic of the optical fibre cable dgrazimuth movement is
unavailable at the time of this analySlsand it is thus difficult to explain the 3 peaks in
the gain profile. We can however characterise the worst casecgange over 10 degrees
movement in azimuth. From the azimuth data there are ineseaisd decreases in gain
when moving from -160 to +160 degrees of azimuth positione Worst case\gain in
10 degrees azimuth change is 0.62d.03 dB.

Elevation data: The gain increases with an increase in @bevposition. The elevation
cable wrap has a predominantly bending effect on the opfilmad cable. Optical fibre
has an increase in loss with an increase in bending, so thea$#eg loss with decreasing
bending as the dish increases in elevation position is detrated. The total change in
gainis 0.06 dB for 80 degrees of elevation movement. ThetwaseAgain in 10 degrees
is 0.025+0.03 dB

4.5.5 Additional movement experiment for dynamic behaviou

The azimuth movement was repeated to check the dynamic ioeihaf the gain during
azimuth movement and also to check that the position sampiinhe previous experi-
ment, of 32 degrees, captures all the information. This whgeaed by programming the
XDM dish control computer to do 2 cycles of azimuth moveménLabview script was
written to control the VNA to measure gain data from the Phm® link continuously
(approximately 1.3 s time intervals).

Time synchronisation was achieved by programming the aateomputer to generate
time stamped position data (at approximately 10 ms intsjaaid modifying the Labview
script to time stamp its gain data. The 2 sets of results are éligned in Matlab.

The result of Figure 4.12 proves that the position sampling®data in Section 4.5.3 is
adequate.

45.6 Conclusion

GAIN changes of the HartRAO optical link were measured wihle dish was moved
in azimuth and elevation. The gain results for both azimutti elevation movement
were repeatable between measuring runs. The gain chan@edegtees of azimuth and
elevation movement is 0.024.03 dB and 0.0250.03 dB respectively. An additional
experiment is performed where the gain is sampled contislycas the XDM dish is

being moved in azimuth. The shape of the resultant gain plaimiliar as with the

previous experiment.

0Analysing the exact movement of the cable in the azimuthecabhp was not deemed important at the
time of measurement.
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Figure 4.12: Gain [dB] over one cycle of azimuth over timeeBame peaks are visible
at the same azimuth positions as with the previous data. dighness of the plot is an
indication of thet+0.03dB measuring uncertainty of the VNA

4.6 Conclusion

In this chapter the gain stability of an analogue opticalefilbnk with temperature was
measured. This was done by setting up experiments to metsaigain stabilities of
the optical transmitter-receiver and of the optical fibreneTesults of these individual
portions of the link were combined in a calculation to chele& gain change over 10
minutes (i.e. gain stability) of an analogue optical lingige a thermal environment based
on the KAT-7 environment. The gain stability of the analogypéical fibre link is found
to be sufficiently stable to pass the KAT-7 apportioned rezmaents. Further experiments
for antenna movement and environmental temperature swWgugh as happens during
sunset) were performed on the XDM link for additional preatidata.
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Chapter 5

Phase stability of analogue optical fibre
link

This chapter contains the phase stability results and aisaty measurements made with
the Photonics optical transmitter and receiver. Two testewerformed: 1) Phase stabil-
ity of the optical fibre when subject to temperature changsisle a temperature chamber
and 2) phase stability of the Photonics link with a short tergj fibre. Using these results
the expected phase change over 10 minutes (i.e. phasetgjaijithe optical fibre link,

in the physical environment defined in Section 2.4, is calimd. The chapter concludes
with practical measurements of the phase stability of théviX@ptical fibre link during
sunset and during movement of the dish.

5.1 Phase stability of optical fibre when inside a temper-
ature chamber

In this experiment a 4260 m length of fibre rolled into a spsdatubject to temperature
changes inside a temperature chamber. The goal of thisiegris to measure the
phase stability of optical fibre when subjected to tempeeathanges.

5.1.1 Experiment setup

1. The fibre spool is placed inside a temperature chamber.

2. The Photonics transmitter and receiver is placed outselehamber and connected
to the fibre spool with 2x 2m patch cords via a port on the sidd@tchamber.

3. Phase @ 2 GHz is measured using a VNA attached to the trii@samd receiver
using the test configuration in Figure 3.3.

4. The Labview script records the phase measurement ofrtkati5 s intervals for
30 minutes
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Figure 5.1: Experimental setup when measuring the RF phasations of an optical
link when subjecting the optical fibre portion (4km spool}émperature changes inside
a temperature chamber

Table 5.1: Summary of experimental uncertainties in thesgrgent to determine the
phase stability of optical fibre using a fibre spool

Measured/Calculated Uncertainty source and Uncertainty
parameter value
phase [degrees] VNA, +2 1%
optical fibre length [km] OTDR, 1% 1%
temperature [C] iButton, +0.5 1%
gain/length/temperature, VNA, OTDR, iButton 3%
[degrees / km/ C]

5. The temperature in the chamber is logged using the iB@it&0 s intervals.

6. This setup is shown in Figure 5.1.

5.1.2 Experimental uncertainty of measurement setup

The VNA is at lab temperature, thus the phase uncertaintyflegrees is assumed. In
the lab environment the optical transmitter and receivasgimed to make an insignifi-
cant contribution to the phase and will be ignored. The 2x Z optical fibre patch cord
has an very small effect compared to the 4260 m of optical ncewill be ignored.

The optical fibre spool length was measured using an OTDRspheific OTDR used is
not known, but it is assumed to measure length with an acgwfat %1

The iButton temperature sensor has an uncertainiy®5b C.

This information is summarised in Table 5.1.

5.1.3 Results

Figure 5.2 shows the temperature and phase result of thesiexgnt.

Typical OTDR uncertainty as taken from Wikipedia - Opticame-domain reflectometer,
http://en.wikipedia.org/wiki/Optical_time-domain flectometer, accessed 18/08/2009
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Figure 5.2: Temperature and RF phase @ 2 GHz when subjediimg apool to temper-
ature changes in side a temperature chamber

5.1.4 Results analysis

The thermal chamber had a poor temperature stability arglahatable temperature set-
point could not be attained. Due to this poor stability of thermal chamber and the low
thermal mass of the fibre spool it was difficult to choose dpetemperatures for this
experiment. To circumvent this problem an area on the result graph isemavhere the
phase and temperature changes linearly, so that the ratfedfvo plots would be the
phase stability with temperature. The linear region chasdretween 700 and 1200 s.
Figure 5.3 shows the linear region and the curves fitted tplitts in that region.

The gradient for temperature in that region is 0.052 C/s]enthiat of the phase is -4.9
degrees/s. The phase stability of the optical fibre with teragure is thus -88 degrees/C.
This equates to a phase stability per kilometre of+20degrees/km/C.

5.1.5 Conclusion

The phase stability of the optical fibre length wound onto@o$ps been measured. This
give an indication of the phase-length-temperature coeffiof fibre which is calculated
to be -20+1 degrees/km/C

2Even though the iButton was placed outside of the air flow efdilamber fan and in a location that is a
best guess to be representative of the air temperature ohraber when the chamber fan is off. The fibre
spool has a low thermal mass and for purposes of this expetisiassumed to be equal to the temperature
of the temperature sensor. It would have been better to pusgbol inside a box inside the temperature
chamber and measure the temperature inside the box.
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Figure 5.3: Linear region chosen and curves fitted to caletitee phase stability of optical
fibre spool with temperature

5.2 Phase stability of optical link with short length of fi-
bre

This section sets out to measure the phase stability of theabfransmitter and receiver
parts of the link. This is achieved by measuring the phasbebptical transmitter and
receiver placed together inside a temperature chainBeshort length of fibre is used so
that the fibre makes a small contribution to the measuredepstability.

5.2.1 Experiment setup
1. The Photonics transmitter and receiver is linked via a Jtical fibre pigtail.

2. The optical link is placed in a temperature chamber andected to the VNA via
coaxial cable through a side port of the chamber.

3. Temperature was measured with the iButton.

4. Due to the poor temperature stability of the chamber thieadink could only be
measured at 4 temperatures. The phase @ 2 GHz was measunedatawing

3The optical transmitter and receiver phase stabilitiesregasured as one parameter in this experiment.
It would have been more useful to measure the phase stakitityonly the transmitter and only the receiver
as in practice the transmitter and receiver are in diffel@dtions.
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Figure 5.4. Experiment setup to determine phase stabifitgpdical link (short fibre
length) with temperature

chamber temperatures: [20.5, 24.5, 34.0, 35.0] C. The plalses are measured
only once the phase values on the VNA display has stabilissgan by the eye.

5. This setup is shown in Figure 5.4

5.2.2 Experimental uncertainty of measurement setup

Using the optical fibre RF phase variation versus tempezatlationship measured in
Section 5.1 a RF phase change contribution of about 0.6 éegsexpected from a 2 m
length of fibre with the 15 C variation in the temperature cheam The VNA is in the
lab environment thus has an uncertainty of 2 degrees. Thegbase uncertainty of the
experiment is thus: optical fibre patch lead uncertainty +#AMMcertainty =+(0.9 + 2)
= +2.9 degrees. A phase uncertainty not accounted for is thegpaofithe coaxial cable
which is inside the chamber.

The temperature sensor has an uncertainty-0f5 C*. These uncertainties are sum-
marised in Table 52

4Also, the effective temperature of the optical Tx and Rx isiitot known accurately as the temperature
sensor only measures the air temperature in the chambeegibadocal to the units. The units do however
have a solid stainless steel (modules weigh close to 500 lg) €hassis so the effective temperature is
expected to change slowly and this thermal lag effect is miggd by taking the measurement once the
phase value on the VNA display had stabilised as seen withyta®n the VNA display.

SNote that the fractional uncertainty is calculated usirgriie: fractional uncertainty of a/b = sum of
fractional uncertainties of a and b. Here worst case fraatiancertainties are used
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Table 5.2: Uncertainties of experiment to measure gainlgjabf the optical link (short
fibre length) with temperature

Measured/Calculatetdncertainty source Uncertainty source Total Uncertainty
Parameter and value 1 and value 2
Phase VNA Optical fibre test 130 %
[+degrees] 2 lead
0.9
Temperature iButton - 2.5%
[+C] 0.5
gain/temp stability gain temperature 133 %
[dB/C]

5.2.3 Experiment results

This results are listed in the following table:

Temperature [C]| Phase [degrees]
20.5 130
24.5 131
34 132
35 132

5.2.4 Results analysis

In this experiment a phase change of 2 degrees with 15 C charigmperature is ob-
served. The phase stability with temperature of the OTx-@RRkus 0.10.1 degrees/C.
From the magnitude of the uncertainty it is possible that ghiange can be entirely due
to the VNA and the fibre patch lead and not from the opticaldnaitier and receiver.

As the optical fibre transmitter and receiver will be in a tiglely temperature stable envi-
ronment (certainly not\15 C) the phase stability effects are expected to be insogmifi

5.2.5 Conclusion

The phase stability with temperature of the analogue dgtiaasmitter-receiver pair has
been measured. The experiment measured the OTx-ORXx pawéoahphase stability of
0.1 degrees/C. When considering that the optical transmnatid receiver is in a temper-
ature stabilised environment it adds an insignificant arhbuthe phase stability of the
system
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Table 5.3: Table calculating the various components dauting to the phase stability of

the link defined in Section 2.4. The total phase change witladuated against the KAT-

requirement.

Optical link component Phase calculation Phase
contribution

[degrees] over 10

minutes
Transmitter and Receiver | /Aphase= (phase stability of 0.2
OTx-ORXx [degrees/CI\T =
(0.1)(2)
Underground optical fibre (6| A phase= (phase stability of 0.0001
km) optical fibre)(lengthp\T =
(-20 [degrees/km/C])(5
[km])(1e-6 C)
Transitional optical fibre (30| Aphase= (phase stability of 0.06

m) optical fibre
[degrees/km/C])(length
[km]) AT = (-20)(0.01)(0.28)
TOTAL Sum of the different phase 0.26
contributions

5.3 The phase stability of the RF over fibre link in the
KAT-7 environment

In Section 2.4 a thermal environment was defined that is barséte KAT-7 environment.
Using the measured results of phase stability with tempegaif the optical fibre and the
transmitter and receiver contained in this chapter, theebga phase changes will now
be calculated for the defined environment. The results sfwlli be used to determine
whether an analogue optical fibre link can meet the requinéfoe phase stability in the
KAT-7 environment. Table 5.3 is the result. The calculatedge change of 0.26 degrees
is almost 8 times better than the KAT-7 requirement.

5.4 Phase stability of optical fibre installation of the XDM
optical link during sunset

In this experiment the phase change of the XDM optical fibstaltation is measured
during sunsét This information is used to calculate the phase stabilith ¥emperature
of the XDM link which consists of an analogue optical trangeriand an optical receiver
at the ends of a fibre length of around 500 m. The objectiveiefdhapter is to give the
reader an idea of the degree of phase stability one can efxpatha RF-over-fibre link in

6Similiar measurements were also made of the link duringisaniDue to the temperature sensor (as
well as parts of the optical fibre cable) being in direct sgimliand as a result reports inflated readings, it
will be excluded from the analysis.
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Figure 5.5: Test setup to measure phase stability with teatyne of the XDM optical
fibre installation during sunset

a real radio telescope installation.

5.4.1 Experiment setup

1.

The Photonics transmitter and receiver is connectedatXM link using two 2
m patch cables.

Using the test configuration of Figure 3.3 with the DUT lgeihe optical link de-
scribed above. The experiment was setup to record data atuterintervals for 5
hours.

. The VNA measured phase @ 2 GHz

Experiments ran for a 5 hour period between 16h26 to 21k2Bisiwas the time
when the temperature changed most rapidly. The selectighi®intervals was
based on the environmental data of the preceding few dayseasured by the
HartRAO weather station. This data is shown in Figure 4.8.

. Temperature measurements were made with an iButtorelbgathe ambient close

to the dish at 1 minute intervals for the duration of the expent.

For these measurements the dish points towards Zenith

. The test setup is shown in Figure 5.5.

5.4.2 Experiment uncertainty of measurement setup

The VNA is at lab temperature, thus the phase uncertaintyflegrees is assumed. In
the lab environment the optical transmitter and receivasssumed to make an insignif-
icant contribution to the phase and will be ignored. The 2xatch cords is in a lab
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Figure 5.6: Measurements of phase change @ 2 GHz of XDM dpitiéaand tempera-
ture during sunset

environment and adds-0.2 degreesuncertainty to the measurement. Temperature is
measured with an iButton with an uncertainty-60.5C.

Using this information the uncertainty is calculated as 9 %

5.4.3 Results

The sunset data is shown in Figure 5.6.

5.4.4 Results analysis

As expected we see a linear correlation with a negative ddepeeen the phase and the
temperature.

It appears that from minute 150 onwards both the phase angetature plots have an
approximately straight line fit. If we fit straight line modeb the phase and temperature
plots in this region then the ratio of the gradient of the ghisthat of the temperature
will be equal to the phase stability with temperature in ttegiion. From 150 minutes
onwards the phase gradient is 0.089 degrees/minute anehtipetature gradient is -0.030
C/minute. Figure 5.7 shows the temperature and phase piittshe fitted lines.

"+ A2C (20 degrees/km/C)(0.004 km)
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Figure 5.7: Linear regions chosen where the phase and tamperchanges linearly with
time during sunset to determine the phase stability of thé/Ddptical link

The phase stability of the link is thus calculated to be +2(B degrees/C which results
in a phase change of 0.89 degrees over 10 minutes duringtsaise Winter month that
the link was measuréd

5.4.5 Conclusion

The phase stability of the XDM optical fibre installation een measured during sunset.
The link has a phase stability of -3:0.3degrees/C which results in a phase change of
0.89 degrees over 10 minutes at sunset during Winter.

5.5 Phase stability during movement of HartRAO dish

The azimuth and elevation movement of the dish causes bghthinsional forces on the

optical fibre cable running in the horizontal and verticdbleawraps. This experiments
sets out to measure the changes in phase caused by thesaima&idteesses on the cable.
Appendix B contains a detailed description of the mechambthe cable wraps used in
the XDM dish.

8As when calculating the gain stability of the XDM, during Smer the phase change would be higher
due to the faster temperature changes
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5.5.1 Experiment setup

1. The Photonics transmitter and receiver is connectedet&iirtRAO link using 2x
2 meter patch cable

2. Experiment starts at around 2 PM when the ambient temperedte of change is
the slowest. This time period was determined from measuned the preceding
2 days ambient temperature as illustrated in Figure

3. For the azimuth movement measurement, the dish’s etevatiordinate is fixed
at 90 degrees and the azimuth position is steered to theniokippositions: [-160
-128, -96, -64, -32 0, 32, 64, 96, 128, 160] degrees.

4. Readings of the phase @ 2 GHz are measured with a VNA at eanhth position
change of the dish.

5. For the elevation movement measurement, the dish’s daziomordinate is fixed at
0 degrees and the elevation position of the dish is steertbe tollowing positions:
[90, 80, 70, 60, 50, 40, 30, 20, 10] degrees

6. Readings of the phase @ 2 GHz are measured with a VNA at &aettien position
change of the dish.

5.5.2 Experimental uncertainty of measurement setup

Each movement run had a duration of a few minutes thus theel@iparature can be
assumed to be constant during that time. The temperaturpa@ent of the VNA uncer-
tainty equation thus falls away and the VNA can be assumede@snre phase with an
uncertainty of 0.2 degrees. The phase changes with teropemitthe optical fibre link
can be assumed to be zero due to the time of day that the exgrgriakes place and the
short duration per movement cycle and thus does not cotgrtiouthe uncertainty. The
total phase uncertainty of the experiment is thus equald¢diNA uncertainty of+0.2
degrees.

The dish position angle has an uncertainty-@degrees. Radio telescopes position angles
are generally accurately calibrated as it is required tatlmextra-terrestial sources with
arc second resolution. This uncertainty however comestamwhen entering the de-
sired angle manually the dish position (as displayed on ijieatireadout) did not move
exactly to this desired position (might have been a bug irdikle controller). This offset
was also not repeatable between experiment runs and hadadsgrabout 2 degrees.

9The dish position readout is based on a mechanical positiooder in the dish and is the part that is
calibrated. One can thus expect this reading to accuragslgribe the position of the dish.
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Figure 5.8: RF Phase changes @ 2 GHz of the optical link vexamsuth movement of
the XDM dish. Note that the offset of the mean phase has beeowed from this graph

5.5.3 Results

The phase versus azimuth position data is shown in Figurdaé8phase versus elevation
position data is is shown in Figure 5.9.

5.5.4 Results analysis

For the azimuth experiment, the results are repeatablepfi@se changes by a maximum
of 1.6 degrees over 320 degrees of azimuth movement. Franit tgppear that the tor-
sional forces on the optical fibre cable, which dominaterdyezimuth movement, does
not have a significant effect on the phase stability

The relationship with elevation movement is less clear,tsgem as though there is an
increase in phase with elevation angle. The total phasegehiariess than 1 degree over
80 degrees of movement.

The worst case phase schange with 10 degrees of azimuthevadieh movement move-
ment is 0.005 and 0.01 degrees respectively
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Figure 5.9: RF Phase changes @ 2 GHz of the optical link vesigwstion movement of
the XDM dish. Note that the offset of the mean phase has beeoved in this plot
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5.5.5 Conclusion

Phase changes of the optical link due to position changelseoKDM were measured
while the dish was moved in azimuth and elevation. The phesdts for both azimuth
and elevation movement were repeatable between measuriagfthe worst case change
with azimuth and elevation movement were 0.005 and 0.0kntisely. From this exper-
iment we see that movement of the dish has practically zéeotEt on the phase stability
of the optical fibre link compared to the thermal effect.

5.6 Conclusion

In this chapter the phase stability of an analogue optices fiink with temperature was
measured. This was done by setting up experiments to metsuphase stabilities of
the OTx-ORx and of the optical fibre with temperature. Theultesof these individual
portions of the link were combined in a calculation to chea& phase change over 10
minutes (i.e. phase stability) of an analogue optical lingide a thermal environment
based on the KAT-7 environment. The phase stability of tteague optical fibre link is
found to be sufficiently stable to pass the KAT-7 apportioreglirements. Further ex-
periments for antenna movement and environmental tempersivings (such as happens
during sunset) were performed on the XDM link for additiopedctical data.

100ver 10 degrees of movement as is normally specified
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Chapter 6
Dynamic range of optical fibre link

This chapter contains the dynamic range results of measuntsnmade on the Foxcom
optical link. As explained in Section 2.3.5 the dynamic mang the ratio of the noise
figure to the 1dB compression point.

6.1 Noise Figure

This section describes the measurement of the noise figuileedFfoxcom optical link
with a short length of fibre

6.1.1 Experiment setup

1. Foxcom link with 2 metre optical fibre patch cable linkirgettransmitter to the
receiver.

2. Agilent NF meter with 6dB ENR Noise head setup to measureSgtup is shown
in Figure 6.1.

6.1.2 Experimental uncertainty of measurement setup

The Agilent N8973A NF meter, with the Agilent NAOOOA SNS Nmisead with ENR of
6 dB, has an noise figure uncertainty-69.2dB[13].

LA better experiment might have been to measure the noisesfigitin a fibre length representative of
the KAT-7 length. A rule of thumb used by Foxcom is that thesedigure increases by 1dB for every extra
1 dB of optical loss by the addition of fibre. Foxcom says thdB3f optical loss adds 1 dB to the NF. The
5 km of KAT-7 fibre adds 1.5 dB of RF loss to the system. It gelyeiseasier to improve the noise figure
of the link than the 1dB compression point however, so theergent is sufficient as it stands.
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Figure 6.1: Experimental setup to measure the noise figutieeoFoxcom RF-over-fibre
link

Table 6.1: NF at spot frequencies of the Foxcom optical fibre (with short fibre) as
measured by the NF analyser

Frequency [MHz] NF [dB] GAIN [dB]
1000 11.05 19.1

1200 11.74 18.92

1400 12.27 19.05

1600 12.96 18.79

1800 13.51 17.92

2000 13.91 17.9

6.1.3 Results

A table of NF and frequency is shown in Figure 6.1. This tabldlustrated graphically
in Figure 6.2

6.1.4 Results analysis

The NF of 13.9 dB at 2 GHz (the worst case) is equivalent to ast@mperaturé, =
(F —1)To= (10138%/10_1)293= 6752 K. Inside the KAT-7 bandwidth of 800 MHz this
equals a equivalent noise input powekdiB = —71dBm. For a SNR of 20 dB we should
thus choose -50 dBm as the nominal input power into the utits flepresents the lower
boundary of the dynamic range requirement. The next seiarmeasure of the upper
bound.

6.2 1% GAIN compression

As explained in Section 2.3.5 the 1% gain compression pavet Hefines the upper level
of the dynamic range calculation. The 1% gain compressiant pguals is 14 dB above
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Figure 6.2: Graph of NF vs Frequency of Foxcom optical lirtkof$ fibre length). Noise
increases linearly (in a log scale) with frequency
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Figure 6.3: 1dB gain compression measurement setup

the 1 dB gain compression. This experiment measure the 1 tB:gapression point.

6.2.1 Experiment setup

1. Foxcom link with 2 metre optical fibre patch cable linkirge ttransmitter to the
receiver.

2. A signal generator supplying a 2 GHz CW signal to the optieasmitter at the
following powers: Psig_gen =[-30, -25, -20, -18, -15, -183,--12, -11, -10, -9, -8,
-7, -6, -5, -4] dBm

3. The spectrum analyser measuring the the output of theadpéceiver. The setup
is shown in Figure 6.3.

6.2.2 Results

There results are illustrated in Figure 6.4.

2In hindsight this experiment setup could be done quickemaark accurately with a VNA
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Foxcom output power vs input power
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Figure 6.4: Plot of output power versus input power @ 2 GHzm{ddm RF-over-fibre
link showing the linear gain plot, the measured data plottaednput 1dB gain compres-
sion power level

6.2.3 Results analysis

Figure 6.4 shows an input 1 dB gain compression of the Foxaakrbeing -8 dBm @ 2
GHz (worst case). This means that the 1% gain gain compreksiel is at -22 dBm.

6.3 Dynamic range

Using the definition of dynamic range DR which is the ratioissgn the 1% gain com-
pression point and the nominal signal level where a 20 dB S\&hieved, we have DR
=-22 dBm -(-50 dBm) = 28 dB. This exceeds the 20 dB headroomireqpent as stated
in 2.3.5.

6.4 Conclusion

The dynamic range of the Foxcom optical fibre link has beecutaed by measuring the
noise figure and the 1 % gain compression point. The Foxcomabfink has a headroom
of 48 dB which exceeds the KAT-7 dynamic range requirement.
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Chapter 7
Conclusions

Radio astronomy places stringent signal fidelity requinet®en the RF components and
signal transport. In this dissertation an attempt was maadaracterise the gain stabil-
ity, phase stability and dynamic range of analogue optibaéfiinks and thereby test its

suitability for long haul signal transport in the KAT-7 cagiration. This chapter draws

together the conclusions for each of these performanceuresaand concludes that ana-
logue optical fibre technology is suitable for the KAT-7 regments.

7.1 Requirements and performance indicators

The different components of an analogue optical fibre linkta&ged. Calibration in radio
astronomy was introduced and this gives rise to the scanvieh is the frequency at
which calibration takes place. This is thus the time in whioh stability is defined. The
important requirements of gain stability, phase stabdgityl dynamic range were intro-
duced, stated and explained. For these requirements ticaldyire link was apportioned
a part of the total telescope receiver requirement. Thefachfluencing these require-
ments in the optical fibre link were listed and explained.nrtiderature and experiments
it was found that temperature, or the thermal environmetii@bptical fibre link, is the

dominant contributor to the gain and phase stability. Theerttal environment of the op-
tical fibre link in the KAT-7 system is then defined. This thatrmodel will be used to

check the suitability of the analogue optical fibre link foetrequirement of the KAT-7

radio interferometer.

7.2 Tools and methods

In this dissertation a VNA is used to measure the S21 scadgtgrarameter of the opti-
cal fibre link under test from which gain and phase is intdynadlculated and reported
by the VNA. The VNA is controlled via an Ethernet link to a PGining Labview soft-

ware. The Labview software logs the gain and phase. Furttueepsing is done with
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Matlab. Temperature is measured throughout the experimiéman iButton temperature

logger. For dynamic range measurement, noise is measutadawioise figure meter
and gain compression with the combination of a signal géoeeand spectrum analyser.
The XDM telescope is used to make gain and phase measuredugimg movement and

temperature swings of a real optical fibre installation.

7.3 Gain stability

The gain stability of the analogue optical fibre link pas$esKAT-7 requirement. From
the measurement was found that the temperature changee @T#ORX is the primary
contributor to the gain stability of the link. In most castt®e OTx and ORXx will be close
to the other RF components where cooling is available ansl itstenvironment can be
kept sufficiently stable to ensure the necessary gain #tabil

7.4 Phase stability

The phase stability of the analogue optical fibre link passeKAT-7 requirement. It
was found that the fibre is the only contributor to the phaabilty of the link. Due care
needs to be taken in the design of the optical fibre paths tondiey insulate the optical
fibre from changing ambient conditions. As seen from thetkelimal model, burying of
the optical fibre makes a substantial reduction in the pegle&i temperature variations
compared to the top surface of the soil. The susceptibl@mnsgof the fibre cable are
the transitional areas (going from underground to ternondtvhere there is less thermal
shielding. When the optical fibre cable is extended to go tleis of the dish as in
XDM, we see that the phase stability requirements can bé. fissiues in reliability of the
optical cable over the dish’s 20 year lifetime then come pi&y.

7.5 Dynamic range

The dynamic range of the analogue optical fibre link passeK#&T-7 headroom require-
ment. Note though that the dynamic range has been testegltheitneadroom definition
of 1% compression level less 20 dB above the noise floor. thdisisertation no mention
has been made of the RFE requirement of the input power I¢wehih the spurious
frequency components are acceptable. Spurious frequemapanents are essentially
in band frequency lines that are generated by the in bandédrery components mixing
together due to non-linearity’s in the system. Thie 2 f, and 2f, — f,components as

Lin other words, the riser cable becomes an optical fibre cable
2at least for the KAT-7 frequencies. Higher frequencies rssiter group delay stability
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explained in Section 2.3.5. The spurious frequencies aaeackerised by the 3rd order
intercept point. More detail can be read in [19].

7.6 Summary of Results

Table 7.1: Summary of the requirements and results of the @ad phase stability and
dynamic range measurements in this dissertation

Parameter Fibre OTx- Total changey Req. PASS
stability ORX over 10
factor stability minutes
factor
Gain -0.00045 | -0.019+ 0.038dB <0.03 yes (as
stability dB/km/C+ 0.001 dB explained in
0.00003dB.| dB/C Section 4.3)
Phase -20+1de- | 0.1+0.1 | 0.26 degrees| <2 yes
stability grees/km/C de- degrees
grees/C
Dynamic n/a n/a 48 dB >40dB yes
range

7.7 Areas of future study

1. A bending jig has been built that models the KAT-7 azimwible wrap and sub-
jects any cable to the bending forces for a user-settableianhus cycles. This is
important to prove the physical reliability of the opticddrie cable over it lifetime.
Further testing is needed to monitor the performance ofdnelicate optical cables
when subjected to repeated bending with this jig.

2. As explained in Section 7.5 more work is need in understaadkAT-7 require-
ment for dynamic range from the perspective of spuriousueegy components.
Measurements can also be done using 2 tone measuremengtessin

3. More work can be done on the thermal modelling of the envitent of the optical
fibre link. Temperature sensors can be distributed througthe underground sec-
tion to verify the accuracy of the soil model as well as moecge measurements
in the underground to terminal equipment transitionalieast
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Appendix A

Labview Code

A.1 Program

Because it is a graphical program it is not possible to fit tfegyam onto this page. It is
included on the CD ROM.

A.2 Input parameters

This program has the following input parameters:

1. Which optical input device. This is used as part of theireuto form the filename
described in the next section

2. VISA session. This is just used by Labview to find the VNA ba hetwork. | used
the following input: RSIB::192.168.20.135::INSTR, whéie IP address is that of
the VNA

3. Measurement interval in minutes

4. Number of intervals. Thus minutes andnumber of interdafines the duration of
the experiment

A.3 Output parameters

The program has the following outputs:
1. BUSY logging indicator
2. Current interval
3. The 3 data files containing the S21 values of GAIN, GROUP BEhAnd PHASE

4. Error window. The error message is contained there ikthes any errors
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A.4 Filename format

The format of the filenames of the 3 filesis DDMMYY_HHhMM_DeeMeasuredparameter.txt,
where:

DDMMYY_HHhMM is the start date and time of the experiment
Device is the device selected as described in the Input pesmsection above

Measuredparameter isone of S21_dB, S21_group_delay op&ase which distinguishes
the 3 files from one another.

Example: A file with the name ‘280708_15h45 PhotonicsS2ING#t’ would contain
data measuring the S21 (i.e. GAIN) in dB of the Photonics &ptink on the 28th July
2008 starting at 15h45

A.5 File format

Each of the files are structured as follows:
The first row contains the frequency vector

The 2nd row and each subsequent row contains the formattasurezl data vector. Thus
position (2,1) would be the data at freq_start and (2,2) @dad the 2nd point corre-
sponding to (freq_start + delta_f), etc. Data (3,1), wowddtloe point corresponding to
freq_start of the 2nd data vector.

A.6 Other information

The program assumes that 3 channels that have been calibrage It uses the currently
set number of points, Pout, averaging, freq_start and §teg settings

Lt has been found that the implementation described abosesisw method of collecting data and
proves problematic when needing a faster sampling timedmgle during dynamic measurements. Newer
versions of this software exist that for example uses 3 sra¢ehe same calibrated channel. This speeds
things up tremendously. Contact the author of this disgertdor further information.
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Appendix B

Mechanical detail of cable wrap

This section describes the azimuth and elevation cablesoaphe XDM dish

B.1 Elevation Cable Wrap

Figure B.1 shows the elevation cable wrap. It is apparemt fitte photo that the cable is
routed inside this wrap and the cable is mostly subjectee@ialing forces. If one stands
facing the dish in the perspective of the person that takeptioto, the the top side of
the dish will move away from you as it decreases in elevatimyiea Figure B.2 shows
another picture of the XDM dish with the elevation at a lowegle, notice the shape of
the azimuth cable wrap. It is clear that the amount of bendiogeases as the elevation
angle of the dish is decreased. .

B.2 Azimuth cable wrap

Starting with a thought experiment: if one has a pencil agdcto a fixed platform on
the bottom end. Above the pencil and not touching one hasatimgtplatform. If one
now attaches a string to the moving platform above and thel fptatform below, then
as the moving platform above rotates, the string will twrstiLend the pencil. This is the
principle of the XDM azimuth cable wrap. Now instead of argftia metallic chain is
attached to the fixed platform below and rotating platforrowesh At 3 locations through
the length of the cylindrical pipe (representing the péneilfreely moving concentric
circular metal bracket is attached to the chain to facditae wrapping of the chain around
the cylindrical pipe. The various riser cables are attadioetthis bracket. Figure B.3
shows the azimuth cable wrap in the rest position (at abdutdeyrees) . Figure B.4
shows the azimuth cable wrap at the extreme clockwise angpegsenting an angle of
around 230 degrees. Note the torsional wrapping of the sataind the cylindrical pipe
. A ‘twisting bias’ exist on the XDM riser cable. Perhaps hesathe antenna is left in
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Figure B.1: Image of elevation cable wrap at 90 degrees ohétmn

a particular position most of the time, thus on the antiklase extreme, the cables are
not twisted as much as in the clockwise extreme as illustriaitéhe picture.
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Figure B.2: Elevation cable wrap at a lower angle. The caloépwat this lower dish angle
position subjects the riser cable to more bending
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Figure B.3: XDM Azimuth cable wrap at rest position. Noti¢e twrapping chain (the
red block), the rotating bracket, the cylindrical pipe ané various riser cables
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Figure B.4: XDM azimuth cable at the extreme clockwise dimet This represents an
azimuth angle of around 230 degrees. Notice the wrappimgitg around the cylindrical
pipe.
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