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ABSTRACT

To ensure optimal performance of the positioningtesy, a suitable antenna needs to be chosen and
installed in an un-obstructed location to provitac visibility of the sky. By the time the signagive at
the vessel antenna they are weak which makes thsoetible to interference, whether intentionalior
intentional, so again location of the antenna igartant as is the choice of an appropriate antenna.

This paper will examine the factors that shouldtbesidered for installing any antenna associatélal avi
positioning system. It not only considers the pbgklocation to prevent blockage or interference bu
addresses other areas that can often be overldnkeghich can have implications on the installataom
performance of the system. Examples include caple and length of cable run, lighting protection an
even the selection of the most appropriate antenna.

An overview of antenna design will be presentetighlight some of the issues that are faced whamgus
multi-constellation GNSS or combined GNSS/L-banteanas which can impact system performance
through multipath, signal to noise or interference.

Another topic covered is that of GNSS interferemwbéch is something that is gaining more press cayer
with stories about the availability of low-cost jamars and wireless broadband networks and the inguact
GPS. It will consider un-intentional and intentibimderference in the offshore environment using+e
world case studies to highlight the impact on positg and how a systematic approach was used to
identify the source of interference.

The paper will look at some of the research anctldgwment being conducted into the field of antezumé
receiver design to help protect GNSS receivers franerference. Finally, consideration of multi-amte
systems and additional sensors may help mitigatgatential issues to provide the user with a bdia
position will be examined.

INTRODUCTION

Essential to the optimal operation of any GNSS aungimentation system is the selection and correct
installation of antennas used to receive the GN#SLaband signals. By the time the radio signals
broadcast from the satellites reach the anteneg,ate very weak, so having the right antenna for
reception of these signals is important.

This paper will look at some of the factors thagahéo be considered in the design and selecti@ngoiod
GNSS antenna. It will then go on to look at thegitgl installation onboard a vessel and differepeats
that need to be taken into account. The topictefrfarence will be examined and a real-world exanusl
an issue experienced onboard a vessel along wittt® fault was discovered is included. Finallypreef
look at the future of antenna design is examined.

GNSS ANTENNA DESIGN

Crucial to receiving the satellite radio signalsiigood antenna, so it is important to consideersgv
factors in the selection of an appropriate antetrigworth highlighting that many aspects of amte
design are inter-dependent and by changing onecditba design can directly impact on another area.

Frequency Coverage

The bandwidth of antenna needs to cover the apjtedrequencies for the GNSS signals to be used. |
may also need to cover the L-band frequencies imsesbmmercial augmentation services if a combined
antenna is used. When an antenna has to coverea baddwidth it becomes more complicated to design
and to meet all requirements including performance.
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Gain Pattern

An important factor that measures the antenna g@nge over azimuth and elevation, this is also
sometimes referred to as the radiation patterrs @&fines the difference in power between the sidioa
the different satellites.

In the ideal world the gain would be uniform bustls not necessarily the best for GNSS because of
multipath which affects low elevation satelliteiefefore, it is common to have high gain towardas th
zenith with the gain decreasing at lower elevatidmsexample of a gain pattern for an antenna @svshin
Figure 1.

UUT Upper Band Radiation Pattern
90° ——L1-RHCP
8 L1-LHCP
: : G1-RHCP

Figure 1 - Gain Pattern for NovAtel 730-GGG Antenna

It is common to use a combined GNSS and L-bandhaatéor use with commercial augmentation services.
While these work well, it can become an issue wherking at high latitudes where the elevation arigle
the geostationary satellite is low. As the gairtgrathas low gain at low elevations it can afféet t

reception of the L-band signal. This is why a safmantenna with a different gain pattern optimited.-
band reception is used at high latitudes.

Circular Polarization

Satellite systems using the L-band frequency (fisc@NSS) use circular polarization to prevent digna
fading or poor reception. GNSS uses right handutargolarization (RHCP) but as antennas are not
perfect they will pick up left hand circular polzation (LHCP) energy which can be caused by muhipa
When a GNSS signal reflects off a nearby objeetfitist reflection will have its polarization inved i.e.
from RHCP to LHCP.

For GNSS antennas it is important to know how wedl antenna suppresses the unwanted left hand
circular polarization as this is an indication ofthwell it will mitigate multipath (Figure 1 alsadludes
the gain pattern for LHCP). The ratio by which dgpaation is suppressed vs. another polarizatien (
RHCP vs LHCP) is referred to as cross-polar sugprasr it can be described by the Axial Ratio of a
antenna. High quality antennas will have an Axiati® of 1dB at the zenith. It is important to havgood
Axial Ratio over the entire antenna hemispherethatt affects the antenna design as it will reqaitet of
physical space in the antenna element(s). ThergfoeeAxial Ratio will vary between antennas and it
something that needs to be considered in seleatirgppropriate antenna.
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Multipath

GNSS receivers use the signals transmitted diréwtiy the satellites but it is possible that sorhthe
signals may be reflected dftirfaces close to the antenna. This results inipatitt which needs to k
avoidedas it will degrade the position solution and wlisitene receivers can mitigate multipath, anter

are used as part ofitigation proces

As previous mentioned, thgain pattern (see Figure usually decreaseat low elevations so that tl
multipath signals can be suppressed. Reductioaimig insufficientto suppress multipaland a good

Axial Ratio is also required.

It is possible to quarfti the multipath error experienced by logging raatedand analyzing the resul
Figure 2 shows the L1 (MP1) and L2 (MP2) code rpalth forfour different types of antennas which wi

all connected to the same receiver type. It islaradrea that is exaned when selecting a suital

antenna.
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While antennas and receivers can mitigate multjigattalling the antenna in a good location, of

multipath is the best option.

Interference Handling

While receiver technology can help combat interiees the proptdesign of antennas can help keep

unswanted signals that can cause interfere The following example is a comparison between

antennas that considete effect that an Inmarsat -C transmitter would haven them. This iiso that a
‘theoretical’ minimum separation distance couldde¢ermined for each anten This example is take
from [1] with the GNSS and S-C parameters presented in Tables 1 and 2.

AD491 AD410
Antenna Gain at zeni 5.0 dBi 5.0 dB
Antenna Gain at 0° elevati -10dBi -10dBi
LNA gain at 1575 MH 45dB 42.1dB
Filter rejection See Figure 4
Estimated 1 dB outpul
compression point at 1575M -30dBW 30dBW

Table 1- GNSS Antenna Parameters

Key performance parameters for an INMARSAT-C transmitter are shown in Tak2.

Sat-C
Nominal EIRP at 5° elevatit 14dBW
Gain at 0° elevation relative to -0.5dB

Table 2 - Inmarsat Sat-C Parameters

MTS Dynamic Positioning Conference

October 11-12, 2011

Page 4



Dr. David Russell, VERIPOS Location, Location, Location — Antenna Installation

INMARSAT typically assigngransmit frequenciefor Sat-Cin the range 1626.5 to 162MHz.

It was alscassumed that the minimum separation distance ¢slleédd such that the interfering signal le
at the LNA's input is equal to the GNSS enna’s LNA -1 dB input compression poi

Feh oicied Sl nespansen

-
Gk aned Bokee Figurs (o))

Fraguancy il Frequancy {aHz)

Figure 3 - Filter Response for AD491 (left) and AD410 (rilgt)

Figure 3 shows the filter response for the two GN8&nnas. It is worth pointing out tthe AD491 has a
notch filter at the Inmarsat S@tfrequency band whereas the AD410 does

Estimating theminimum separation distance using previous assumptiorgives the following values fc
the AD491 and AD410 antenn

Units Frequency of Interfer

MHz | 1626.5| 1627.5| 16285 | 1629.5| 1630.5

Wavelength of Interferer m 0.1844| 0.1843 0.1842 0.1841| 0.1840
Capsat ERIP (nom 5°elevatit dBW | 14.0 14.0 14.0 14.0 14.0
Est. Gain of Capsat Antntenna relat

to 5° elevation in the direction of t dB -0.5 -0.5 -0.5 -0.5 -0.5

GNSS antenna

Est. Gain of GNSS Ant. in direction
Capsat Ant

-1dB input compression point
AD491 at 1575MHz dBW | -75.0 | -75.0 -75.0 | -75.0 | -75.0

Filter rejection dB 45.0 49.0 53.0 49.0 46.0

Est input compression point AD491 dBw | 300! -26.0 220 | 260 | -29.0

at freq of interferer ' ' ' ' '

Minimum loss to operate -1dB

compression

Minimum free space loss betwe

antennas

Minimum separation distance

operate AD4%1 atl-dB compressic m 0.69 0.44 0.28 0.44 0.62
Table 3 - AD491 Antenna Characteristics

dBi -10.0 | -10.0 -10.0 | -10.0 | -10.0

dB 44.0 40.0 36.0 | 40.0 43.0

dB 33.5 29.5 25.5 29.5 32.5
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Units Frequency of Interferer

MHz | 1626.5| 1627.5| 1628.5 | 1629.5| 1630.5

Wavelength of Interferer m 0.1844 0.1843 0.1842 84611 0.1840
Capsat ERIP (nom 5°elevation) dBW 140 14,0 140 4.01] 14.0
Est. Gain of Capsat Antntenna relative

to 5° elevation in the direction of the | dB -0.5 -0.5 -0.5 -0.5 -0.5

GNSS antenna
Est. Gain of GNSS Ant. in direction of
Capsat Ant

-1dB input compression point of dBwW | -730 1 -73.0 73.0 73.0 73
AD410 at 1575MHz ' ' ' ' '

Filter rejection dB 2.50 2.65 2.80 2.9% 3.10

Est input compression point of AD491 dBwW | -705 70.4 702 701 699

at freq of interferer

Minimum loss to operate at -1dB

compression

Minimum free space loss between

antennas

Minimum separation distance to

operate AD410 at -1dB compression m 7356 72.26 70.98 69.7
Table 4 - AD410 Antenna Characteristics

dBi -10.0 | -10.0 -10.0 -10.0 -10.¢

dB 84.5 84.4 84.2 84.1 83.9

dB 74.0 73.9 73.7 73.6 73.4

N

68.48

The estimates above are based on assumptions aftéena performance and do not take into
consideration the performance of the GNSS recelMse.figure does provide a useful insight into Heat-
C transmissions can affect system performance AD®91 antenna has a notch filter which helps midga
any interference from Sat-C transmission wherea®fb410 does not and is thus more susceptible to
interference which is why it has to be a greatstagice away from any Sat-C transmit antenna. This
analysis helps select the appropriate antenndéouse in offshore operations.
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ANTENNA INSTALLATION

Once the appropriantenna(shave been selected for the system the next step jghysical installatio
onboard a vesseA badly installed anteni systemwill degrade the performance of any positioningeys
and thust must be installed correctly and there are séaspects that need to be considered. Det.
information on the installation and maintenanc&bISS positioning system is availe in [2].

Firstly, the location of the antenna on the nmust provide clear line-ddite to sky in order to receive t
GNSS signalsThe antennas should also be installed away fronsgstems that may cause interfere
and degradatioof the GNSS sytem or introduce multipath into the system.

If there is any blockage or masking the antennbbeilunable to receive the satellite signals astithtec
in Figure 4. In this example@ntenna is installeincorrectly on the brackeind is also located xt to the
pole containing the anemome. This caused severe degradation in the performeafnites positioning
system. Neafield issues can occurhen antennas are installed closemgtal or even two antens close
together which can changiee gain pattern of an anter thus affect signaleception

e ]"_.:_ 1 =
Blockage

The antennas were installed by a third party dutfiegvessel build but when the vessel went operak
problems were reported to VERIPOS about the petdowe of the positioning system. After visiting
vessel, it was decided to cenfigure the insilation to try and improve the antenna location et
involved extended the arms of the mast to provieléeb visibility of the sky (Figure 5

Figure 5 — New Configuration of Antennas

Once a suitable antenna location has been soureedf masking and also minimizing multipath thatr
step is to figure out the cable run from the angetonthe receiver. Cable and connectors will agiéathe
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GNSS signal so it is important to work out the ktdas in order to select the most appropriateecfjge.
Table 5 shows the different properties of a sebectif coaxial cable types with the attenuation behe
value of most significance. For long cable runs,dwer fibre should be considered as an option dieioto
prevent significant signal attenuation which mafgeif positioning performance. It must also be
remembered that the signal attenuation varies letwldferent frequencies and must be accounted for.

RG213 RG223 LMR400 LDF4-50 Heliax

Impedance 50 50Q 50Q 500
Attenuation
dB/100ft @ 9.6 16.8 51 2.8
1500MHZ
Attenuation
dB/100m @ 315 54.9 16.8 9.2
1500MHZ

Minimum Bend | g . 157, 1.0"/ 25mm 1.0"/ 25mm 5.0"/ 127mn|

Radius

Table 5 - RF Coaxial Cable Parameters

The number of connectors will also impact on theratation of the GNSS signals. The more connections
there are, the more the signal will be attenuatedsmme installations may require an in-line arglifo
help boost the signal to ensure reception at tbeiver.

For all connectors that are exposed to the elemigsmportant that they are properly sealed and
waterproofed to maximize the longevity of the iliatéon and prevent water ingress.

INTERFERENCE

The radio frequency spectrum is very crowded anth@§&NSS satellite signals are very weak they are
susceptible to both in-band and out-band interfegeiihe radio spectrum allocation for the US isnghn
Figure 6 with the spectrum specific to GNSS positig shown in Figure 7.
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Figure 6 - US Radio Spectrum Frequency Allocations
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Figure 7 - Radio Spectrum for Satellite Navigation

In-band interference

Typically, unintentional irband interference is caused by GNSS receivers #leesGNSS receivers are
passive devices and wien’t expect them to radiate RF. However, it isgilole for a receiver to reradie
the local oscillator due to either a fatantenna or more often the breakdown of shieldintpéncoaxia
cable to the antenpar an antenna going into oscillation due to samigsue:

All receive equipment has a local oscillator usetha first and subsequent stages to mix with ticernng
received signal to derive an intermediate frequéti€ythat can be better handled in electronicsximact
the received data or audio.

This local oscillator is of a very low backgroun# Rvel but it is radiated back via the RF sectibthe
recever and normally blocked by the antenna. This fpleds used in detector equipment for check
that people have paid their TV license. The detddentifies the local oscillator radiated from the
which can be pinpointed to a specific antenna aen the channel that is being watched as the
oscillator frequency will vary depending on chaninetjuency

As stated above the issue is normally with the @da@able where the earth braid/shield has eite¢aachec
from a connector or broken sowhere in the cable causing continuity to be lostvieen antenna ar
receiver. The coaxial cable then acts as an anfenniae local oscillator which is picked up by etl
GNSS receivers in the vicinity.

This has a severe impact on reception of GNSnals and will cause receivers within a 100m ragalis
receivers on a specific vessel) to lose lock anktaffected to some extent over a much longerer:

If the coaxial cable has been subject to waterdsgythen corrosion to the braid may haken place and
the braid will suffer from high resistance betweeceiver and antenna. This causes a similar etfetto

a much lower level which is likely to show symptoimsdjacent GNSS receivers not being able to pjx
low elevation satellitesral other satellites with lower signal strength tleapectec

The symptoms as describean also be intermittent when a cable is subjeotdgement or when there
poor continuity to a coaxial connec!

On vessels, there is a myriad of equipmentcontains GNSS receivers including equipment
traditionally associated with having GNSS techngldiche following is an example list of equipmi
where GNSS receivers.

« General navigation receivers which form part ofshgss GMDSS equipment from méacturers
such as Furuno, Thrane & Thrane, Leica, JRC

« Communications domes where the GNSS receiversiagrated for orientation and will not
obvious such as Inmarsat, (B, C and BGAN) from Thr& Thrane, NERA and Furuno etc., k
and C Band V-Saand TV systems from Caprock, Schlumbe-DMS etc.
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« Doppler speed logs such as SatLog etc.

¢ Automatic Identification Systems (AIS)

e GPS Heading Sensor such as Furuno SC 110, Hemésyleetor etc.

« Plotter systems or ECDIS with integral GNSS

« High Accuracy commercial augmentation services (BUYJERIPOS or C-Nav)

¢« GNSS receivers integrated into a vessel DP system

e Survey and seismic GNSS receivers inc Heading $emsal Tailbuoy Tracking etc.
« Precision timing equipment used to time surveyesyst

Other forms of in-band interference is caused bgritional jamming, a topic which is gaining wider
coverage in the popular press. Intentional jammaag typically used by governments but now there are
websites selling GNSS jammers for several hundofldrd which can be bought by anyone (see Figure 8)

o exctusive sesistllovus o [P IR | o | Twitter Login | Ragister My £374(0)] Safect Your Curransy | US Dolar -USD |
J a m m e r & Vourwiork s important, thanks for helping profect people
from the tyranical exploitation of advanced technology: N —
The pri or Tech wiwoet) 47 | [Htke
L wice <hipping
0 i i ou package il be shipped
No Sales Tax! =$3499% $ 2709 “$3499 y
w o W b
g{@e ; Portabie GSM WIFI \ Gsw, 6PS, ‘ “ Deskiop Powerfui
Hpping Bluetooth 3G \ COMA, 3G e GSM, GPS,
Jammer Jammer ” CDMA, 3G
Safe 6 Secure 16 meters radius 10 meters radius W Jammers.
Shopping
GPS Jammers
3G/GSM jammers
GJG Powerful All Civil GPS Signals Jammer Blocker
GPS jammers )
8 high power GPS Jammerwith cooler inside blodk all
GEM/GPS jammers ol signals of L1, L2 and L8 in fadius up 10 16 maters
WIFI/Blugtooth jammers $395.00
Remote contral jammers -\Fa MOREINFO |
UHFAVHE jammers F ['450 70 caer ]
-
Bug Detectors t
LojackiXhVAG jammers
Spy Camera Jatnmers RCJ40.D Adiustable Five Band oth Jammer Blacker
Military jammers NEW! a
sas000 | 10tal Protection
(R eviei E— oo | Worldwide
m eoxEEmg | Blocks COMA, 36,
L GSMand GPS
nimaESore.c No matter in what
country you are in!
GJ5 GPS L1.L2, L5 Jammer + 2.4G Wifi Bluetooth Blocker
““ jammers of the 215t Only 416.99
MGT 10 s my favorte blocker . | ARt L L8 b Al
bouoht ttouseinthe... $299.00 ¥ See more
NOREINED)
GM20JAMMER

A military jammer
ch was d

Video Reviews

GP5000 Car Use GPS Jammer, GPS Blocker, Tracking Jammer

P Jammer that s designes forthe usage (nthe car.
casily blodks all typss of Hracking devices Now in stock!
l $119.99 Order Now

Recaivain 5 daysl
NOREINEO

e o | s W |
WBL2 GSH 3G Wifi
Figure 8 - Website Selling GPS Jammers

These inexpensive jammers were reportedly the nefasanterference issues experienced at Newark
Liberty international airport in 2010 [3] and afeabeing used by criminals to defeat GNSS tracking
devices fitted to vehicles [4]. The effective ramyer which these devices can jam GNSS dependsen t
power but can range anywhere from meters to kilerset

Out-band interference

This is when an interferer (RF source) from outsfdeGNSS band causes interference which satutates
antenna which drives the amplifier (LNA) into sattion and effectively blocks the GNSS signals. biasi
devices can cause out-band interference includitgwing:

* Microwave data links
¢ Radar systems
¢ TV antenna amplifiers or transmitters
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« Communication syster
¢ Telemetry systems (data and vic

If these outband interferers exist on the vessel then systertedting can be conducted to determine
souce and subsequently the GNSS antenna can beteticoaa better location where the interferences
not cause a problem. For other sources not locatdtle vessel, for example microwave data |
between platformst may require the vessel to cha heading or change position to solve the is

Interference is just not caused by RF but can beezhby the animikind as illustrated in Figur9.

Figure 9- Interference caused by Birds Sitting on Antenna

Example of Interferenceon Offshore Vesse¢

Offshore construction vesseported issts with loss of VERIPO&NSS positioning which we
happening at random timeSome logged data from the vessel was analyzedrawiesl that the signa
levels dropped dunig these periods. An engineer was sent to the Mesgspect the system and duri
this visit the engineer reerminated the antenna cables and tested everyiiiran checked out o

A few weeks later, the vessel reported the samesswith furthedata analyzedhowing the sam
symptoms as before. It was also ascertained th@&N$S systems were being affected and it
concluded that there must be a GNS-radiating onboard. An engineer was sent to theeléssdentify
the system causing the issue.

In order to identify the source interference, théofving systematic approach was adog

« |dentify all equipment likely to contain GNSS regsis on the vesse

» Switch on all equipment containing or likely to taim GNSS receiver

« Systematially switch off one system at a time and checklibther systems are operati
correctly, if so then switch the system back

* When a system is switched off and all other systerogver, ensure the problem is repeatabl
switching the interfering stem off and on several times over a period of.

« To verify that the interfering system has beenexity identified it should be confirmed |
disconnection of the antenna at the receiver drmttedr systems should operate as noi

It transpired hat the issue was with a Doppler Log which had é&8SNMeceiver and -radiating causing
interference with all other GNSS positioning sessmt the vesseRetermination of the antenna cal
solved the issuéhe random nature of the fault was down tc factthat the Doppler Log was only us
by certain DPO’s when the vessel was conductintaiceoperation:
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THE FUTURE

Technology always develops and evolves to impraevehile certain people call for an alternative to
GNSS there is ongoing work into protecting the pemniance of GNSS not only through receiver design bu
also through antenna technology.

There have been advances in antenna solutionsgihedeaptive antennas with digital jammer cancelhati
or adaptive beamforming [5]. This technology waseanly available to the military but is beginnitog

find its way into the commercial world. NovAtel levecently released an anti-jam antenna called GAJT
700ML (Figure 10), which was developed in conjunstivith defense contractor QinetiQ. While it is
commercially available, it does require Canadiash ldK export approval.

Figure 10 - NovAtel GAJT GPS Antenna

The GAJT antenna essentially alters the gain patibthe antenna in order to create nulls (blindtspin
the direction of jammers, allowing the satellitgrsils to be received by the receiver — essentiadly
antenna uses a similar concept to that found isencancelling headphones [6]. However, it is neacl
how the antenna would handle interference (jammivigth was caused by re-radiation of the local
oscillator or a Sat-C system — would it createiadospot which would prevent the tracking of GNSS
satellites?

There is also the possibility of integrating oteensors such as INS to help overcome issues withSGN
but there has been little work done into lookindp@iv these sensors can aid the GNSS to help prbiect
signals. Most work has been done looking at how 6K&n aid INS to maintain accuracy.
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