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ABSTRACT

Roke Manor Research has been actively involvedén t
development of a geodetic-grade receiver and aatéom
Galileo under the “Advanced Receiver Terminal faet
Services" (ARTUS) programme, supported by the
European GNSS Supervisory Authority (GSA).

A paper [1] was presented by Roke at ION GNSS 2006
(and was subsequently featured in GPS World magazin
Feb 2007) which described the development of a wide
bandwidth antenna with good axial ratio and phasgre
stability ideally suited to geodetic and precissifioning
applications requiring multiple GNSS carriers. Vghil
bandwidth and phase centre stability are important
performance criteria, the antenna must also reject
multipath; another major source of phase error.

In this paper, we present an analysis of the mathip
environment in perhaps the most demanding of

applications, namely the GNSS Reference Stationms It
assumed that reference station antennas are dgneral
sited well clear of buildings, trees and other nlgtons
and so attention need only be paid to multipath
originating from the surface immediately below the
antenna. We explain how multipath interacts wite th
antenna, through the processes of diffraction amthse
wave propagation, and how a local groundplane can
improve the situation. We also show that the tranl
approximation of the ground as an infinite, peffect
conducting smooth planar surface does not appiyany
real-world situations. For example, ground moisture
content and surface roughness can have a sigtifican
impact on multipath.

Using proprietary simulation tools it is possibiepredict

the likely multipath errors for any particular ambe,
groundplane and ground surface combination using
antenna pattern data derived either from simulation
anechoic chamber measurements. The paper willidescr
how such simulations may be performed.

Finally, we propose a number of techniques whicly bea
useful in reducing the effects of multipath frometh
ground. Some of these, such as the choke ring
groundplane, are well-known; others presented psrha
for the first time. In particular, a novel, broadia
groundplane structure is described which is sugtdbl
multi-GNSS  reference station installations. This
groundplane, when combined with the ARTUS antenna,
has been shown in simulations to reject multipagh b
20dB or more at all Galileo and GPS carriers, arith w
scope for further improvements.

INTRODUCTION

Multipath is the propagation phenomenon whereby
signals reach the receiver via a number of differen
propagation paths. In the specific case of GNSS
positioning, the dominant multipath mechanisms are
reflection and diffraction from the ground and athe
nearby structures, e.g. buildings, vegetation dricles.
This type of multipath is, for GPS, one of the most
significant causes of pseudorange errors.



Typically, multipath manifests itself in the reced/signal

as a number of attenuated, phase-shifted and dklaye
(since the indirect path is always longer) replicAghe
line-of-sight (LOS) signal summed together. Whee th
multipath delay is large, a receiver can readisohee the
multipath and will not suffer significant effectsno
performance. Shorter delays, from grazing reflectiand
close-in structures, distort the correlation fuoti
between the received signal and locally-generated
reference signal, introducing errors in pseudorange
measurements. In both cases, crucially, carriesgha
also modified.

In the scope of this paper, where the applicaton static
reference station receiver, one would expect the
environment surrounding the station to be reasgrfabé
of large buildings, vegetation, etc. which mighsuk in
multipath of the former kind (long delays). One Wbu
also expect the absolute location of the antenfexenece
point (ARP) to be known very accurately, so itssaned
here that pseudorange estimates are free of eredri¢ast
the nearest symbol, if not the nearest whole aacsiele.
Thus the remaining problem is to minimise or conya¢e
for the carrier phase error due to close-in refbast from
the ground beneath the antenna.

It is worth noting that this can only be done by:

« careful antenna design, the use of choke rings,
absorbing material or a local ground plane, or by
modifying the materials and/or surface shape of
the ground beneath the antenna; or by

» characterising the antenna and its installation to
enable corrections to be made in the receiver.

CHARACTERISATION OF MULTIPATH

In this section, we discuss methods for modellimgl a
predicting multipath effects, and derive acceptdihéts
for a given position accuracy.

Figure 1 illustrates the so-called ‘two-ray’ refiec
model, where multipath is produced by a singlecs|ze
reflection from the ground beneath the antenna. The
ground is assumed to be infinitely large (so thee no
edge effects), perfectly smooth (i.e. only specular
reflection) and composed of a homogeneous dietectri
medium with complex relative permittivitys. The
antenna is placed above the ground by some distance
and is illuminated with a right-hand circularly-poked
(RHCP) plane wave arriving at anglé® The antenna is
typically characterised by its magnitude and phase
response, in two orthogonal polarisations, at ewgle

of incidence (this is denoted later on). In this simple
axially-symmetric scenario, a two-dimensional mouel
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Figure 1. Thetwo-ray reflection model

sufficient, so the antenna need only be represaited) a
single elevation cut, but a real antenna is likelyhave
some azimuth dependence; in other wafds a function
of both@and @

The reflected wave, incident on the antenna atean§|
(Law of Reflection), is attenuated and depolaridad to

the electric properties of the ground. In other dgprthe
horizontal and vertical electrical components @& ttave

are modified, upon reflection, by different amousts the
resulting wave is not necessarily circularly paded and
may not even be right-handed. The precise degree of
depolarisation is given by the Fresnel Reflection
Coefficients [2].

In the simplest case, where the reflecting surfesca
Perfect Electrical Conductor (PEC), the reflecteal/evis
not attenuated at all, and is perfectly CP, bufessfa
complete reversal of ‘handedness’ — RHCP becomes
LHCP. In more typical situations, where the grousich
lossy material like soil, concrete, etc., a simiéfect can
be seen at angles of incidence near zenith, aliiit
some attenuation of the reflected signal. At pregirely
lower angles, however, the polarisation becomes Ifft-
hand elliptic and then linear (at the quasi-Brewstggle)
before becoming right-hand elliptic near the hamizén
example of this effect is shown in Figure 2, wheght-
hand polarisations are drawn with dotted lines, kafid
hand with solid lines for clarity. Note that therrte
‘vertical’ for the y-axis is a little misleading, since it is
only truly vertical for waves propagating paraltel the
ground (i.e. from the horizon). More precisely, thaxis
is tangential to th@lane of incidenceandx is normal to
it.
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Figure 2. Depolarisation of a Unit-Amplitude RHCP
Wave by Reflection from a Dielectric Surface having

Soil-like Properties (k=3.5, 0=0.0146 Sm™)

It is convenient to represent the model algebrbiaeding
Jones calculus [17], where a signal is represebyethe

( x ]
y

andE,, E, are the complex ‘phasox andy components

of the electric field. Here we use the caret symBblfor
convenience to denote a Jones vector or matrix, and
underlined characters to denote spatial vectors. For
example, a unit amplitude wave linearly polarisedhiex
direction might be given by

-

In another example, a unit amplitude wave whichight-
hand circularly polarised might be given by

5l

Note that this representation system is only vdbd
polarised, coherent waves, otherwise the more udwie
Stokes parameters must be used. In the following
discussion, all signals and waves are harmonicdiingle
frequency and time-invariant).

a, el
a e’
y

As explained in [2], the voltage signal (in phasom)
apparent at an antenna’s output port, in respoosant
incident wave, is given by the product of the w&vand
the complex conjugate transpose of the antennamesp
C (also a Jones vector), in other words:

v =CixE @

More formally, C represents the wave (propagating in the
opposite direction) produced if the antenna were
stimulated with a unit amplitude voltage signaldahis

is how it may be measured for a real antenna) but f
simplicity we can refer to it as the antenna’s oese.

The case of an ideal RHCP antenna (with gain = 1)
illuminated by a RHCP wave of unit amplitude yielals

signalV where
1(1
x—7| |=1
V2 (—'j

A - 1
as expected. If a LHCP antenna were used instead:

V= CRHCPDX ERHCP =ﬁ(1 i)
A S 1 1(1
X— =0
o

V =Clicp X Erpcr = E(l ~i)

also as expected. This demonstrates what is knevthea
polarisation efficiencyof an antenna — the degree to
which the antenna’s polarisation is ‘matched’ tattiof

the illuminating wave. In the first example, therfpet
match produced a maximum response, and in the decon
example a perfect mismatch produced a zero response
even though the antenna gain and illuminating waae

the same in each case.

Returning now to the problem of modelling singlg-ra
multipath, the received signal (i.e. voltage at #méenna
output port) is given as the sum of the direct eeflbcted
signals, each modified by the antenna responsénet t
corresponding angle:

Sotal = Sncident + Sreﬂected (2)
Sncident = é(gl )Déincident (3)
— A - 4
Sreﬂected - C(_ gl )D Ereflected ( )

The reflected wave is simply the incident wave
depolarised by reflection, and then phase-shiftedhe
angle J to account for the additional phase rotation
experienced by the indirect wave due to the extra
distance.

A~

E =TE . e ®)

reflected — incident

6
5:%sin6?i ©

The effects of reflection from the ground are repreed
as a scattering matrix, of the form
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For a linear system where theandy directions are
orthogonal ¥ and™™ are zero and the termi$* and ™
are the Fresnel Reflection Coefficients for thectie

field normal &) and tangential \j to the plane of
incidence respectively.

MULTIPATH REJECTION REQUIREMENTS

Equations (2) to (5) can be arranged into the phfasm
— i¢
Sotal - S|ncident(:|'+ ae] )

This is obvious sinceS the wanted direct signal, is
corrupted simply by the addition of a single attied,
phase-shifted version of itself — as is illustrated-igure

3. The factorsa and ¢ are the combined magnitude and
phase effects of the antenna pattern, the refledtiom
the ground and the difference in path lengths efttkio
rays. If we are interested in reducing the carpbase
error, we must make as small as possible agdas close
as possible to zero or pi — notice thatis the phase
differencebetween the direct and reflected signals. If it is
not possible, or very difficult, to control the seatermg,
then the problem reduces to simply minimisimg- the
ratio of magnitudes of the reflected and direchalg. In
the general case whegeis unknown, clearly the largest
possible phase error jga, such that tanf,,) = a. Since
carrier phase error is directly related to pseudgeaerror,
we can then place an upper limit orfor a given position
accuracy.

As an example, suppose we require a carrier phase
accuracy of 19 degrees, which is about 10mm ramge a
GPS L1. Let's also suppose that no attempt is made
reduce multipath by phase cancellation, i.e. thasphis
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Figure 3. Diagram representing vector summation of
the direct and reflected signals

unknown or uncontrolled. The multipath signal must
therefore be no larger than tan(19degrees) = Of3#eo
magnitude of the direct signal which relates tejaation
factor of about -9.3dB.

It is possible to determine the phase differegicas well

as amplitude differencea, between the direct and
reflected signals, if the antenna pattern (mageitadd
phase), its height above the ground and the ground
material parameters are known. Thus it is possible
determine, and potentially compensate for, the actu
carrier phase errgrfor a given angle of incidence rather
than just the largest possible erpggx

In the special case of a PEC ground surface, wtiere
amplitude of the reflected wave is not attenuatteel ratio

a is entirely dependent on the antenna gain pattgven

by (7). More specifically, it is the ratio of LHCORItage
response at angles below the horizon to RHCP weltag
response at corresponding angles above the horizon.

a = |gLHCP(_ 7 )| )
Pee |gRHCP(9i )|

Sometimes, this is crudely simplified to just tleio of
total downward gain to total upward gain, callee th
Down-Up Ratio [5][6], or referred to &S [14], but this
can yield inaccurate results near the horizon whkee
‘up’ and ‘down’ gains converge to the same valuel so
their ratio becomes unity, but where the antenng stid
exhibit significant polarisation rejection of theultipath.

Whichever the method, the phase error for the PEC
special case is given by

. sind (8a)
siny=
Ja?+2atcosd+1
or equivalently by
4 asinod (8b)
y=tan ——
1+acos<d

For the more general scenario of a lossy dielegnacind,
the rejection factorr and the phase errgrmust include
the depolarisation effects of the ground making an
algebraic  solution considerably harder. Solving
numerically, however, is straightforward using Eipres

(3) and (4) as follows:

_ |Sreﬂected (9)
a=——
|Sncidem|
and
y =0 (Sncident + Sreﬂected) - |ancident (10)



Figure4. RH and LHCP gain patternsfor the ARTUS
antennaat L1

Note that expression (9) gives exactly the sameltres

(7) when the ground has the properties of a PEGs It
useful to use the PEC result to be able to compare
different antennas without the complication of sfydag

a ‘standard’ ground material.

MULTIPATH PERFORMANCE FOR THE ARTUS
ANTENNA

As an example, we shall consider the wideband geode
antenna developed under the ARTUS programme and the
object of the last ION GNSS paper [1]. It was meadun

an anechoic chamber in order to determifie the
magnitude and phase response in two orthogonal
polarisations for a range of elevation angles ahd a
variety of frequencies within the GNSS bands. Fégdr
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Figure5. Multipath rejection for the ARTUS antenna
atLl

shows the magnitude elevation patterns at the eentr
frequency of the Galileo E2-L1-E1 band (1575MHz).
Using the single-ray multipath model, the multipath
rejection factora was computed, using Equation (9), for a
perfectly conducting ground and for a dielectrid-kke
ground. The results are shown in Figure 5 for thees
E2-L1-E1 band.

It is easy to see, by comparing the PEC result fragare

5 and the radiation patterns in Figure 4 that #jection
factor is simply the difference between the righttth CP
gain and the left-hand CP gain at the corresponding
‘below horizon’ angle. It is harder to explain the
behaviour for the soil-like dielectric, but essalii there

are two differences:

* loss in the dielectric causes the reflected sigmal
be attenuated, so better rejection is achieved at
high elevations (near zenith);

» the change of reflected wave from left- to right-
handed elliptic/circular polarisation below the
Brewster angle (about 28 degrees in this case)
means that the antenna is no longer able to reject
the multipath, by means of polarisation
mismatch, because it too is right-hand CP at
these angles. Hence tends to unity (0 dB)
towards the horizon.

Numerical calculation of the carrier phase eryousing
Equation (10), yields the results in Figure 6 belde
antenna height above the groundplane was set atd.im,
reasonably typical of reference station installaioNote
that the phase error has been converted to equtvale
range error to make it more meaningful. As one migh
expect, the error due to multipath from the sdikli
ground is generally much less than for PEC excefmva
elevation angles.
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Figure 6. Carrier phaseerror (asequivalent range
error) for the ARTUS antennaat L1



GROUND SURFACE PROPERTIES

The examples in the last Section show the sigmifieaof

the properties of the ground under the antenna, the
complex relative permittivity & in particular. This
parameter is a combination of the dielectric camsta
wavelengthi and the conductivity.

E =K-]60A0c

Some typical approximate values for dielectric ¢ans
and conductivity are given below for a variety of
materials (at 20C, 1GHz). Many of these values are
reproduced from graphs given in [4].

Description Moisture K o
Content (sm)
(% vol)
PEC - 0 )
vacuum - 1 0
pure water - ~81 ~0.3
salt water - ~82 ~5
clay 13 4.5 0.07
76 50 0.8
95 80 1.2
sand 0.5 3 n/a (very low)
6 5 ~0.015
17 10 0.03
37 25 0.08
silt 1.6 1.8 n/a (very low)
68 50 0.27
76 55 0.28
asphalt n/a 3-5 n/a (low)
concrete n/a 6-12 n/a (low)

Table 1: Typical Values of Didectric Constant and
Conductivity for aVariety of Materials

The conductivity of the ground has a profound dff@t
its reflectivity, and thus the magnitude of the tipath
signal. In Figure 7, the solid blue and dashedawdes
highlight the difference in multipath rejection gidse
between the two extremes of water/wet soil andsdndy
soil (6% water content). In fact, because the sldpth of
water at these frequencies is very small (aroufi@drom),
even surface wetness, such as after rainfall, might
sufficient to appear highly reflective. For veryghi
precision applications (e.g. to within *1lmm) such
differences will be significant unless the anteitself is
naturally good at rejecting multipath.

IMPROVING MULTIPATH REJECTION

It is clear that multipath from close-in reflectisgrfaces
can result in carrier phase errors at least a lasg if not
somewhat larger than, any resulting from poor phase
centre variation (PCV). Simulations have demonsttat

that, even for a reasonable antenna design, postiors

of many millimetres can be expected. For most
applications such errors are insignificant butgogcision
positioning, and especially the case of a referestaton
receiver, this is unacceptable. Fortunately, thare a
number of techniques available for improving the
multipath situation and these are discussed in the
remainder of this section.

Local Ground Plane

Most geodetic GNSS antennas are essentially plandr,
usually incorporate some kind of ground plane (@GP)
grounded cavity behind the element to direct gaithie

forward (zenith) direction. If the element is shiedl in

this way, then for electromagnetic energy to fitdway

into the antenna from below (i.e. multipath) it mbe as
a result of diffraction around the perimeter of Ge. The
key to controlling the backlobe then is to contthis

diffraction or to attenuate the approaching wavioigeit

reaches the antenna.

Ideally, the GP would be infinitely large so thhete is
no edge to diffract around. A practical approxiroatio
this might be to actually bury the antenna in theugd,
so that it is flush with the surface, though thsidikely to
be inconvenient from the points of view of mechahic
mounting, access, accumulation of dust, snow ahdrot
debris, and so on. Ideally, the conductivity of treund
nearby would also need to be guaranteed by suriognd
the antenna by a large metallic plate or mesh.

A more practical alternative, especially if the eama
must be pillar-mounted, is to use a metallic pitne.
The work presented by Tatarnikov [3] suggests that
multipath rejection at elevation angles near zenith
increases as the GP diameter is increased, but low-
elevation performance worsens. Thus, an optimum is
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Figure 7. The Effects of Ground M oisture Content on
Multipath Rejection of the ARTUS Antennaat L1



found for GPs that are approximately Di6 diameter. At
the lowest frequency in the GNSS bands, this cpords
to about 150mm.

ChokeRings

The most common approach to multipath mitigatiothes
use of a ‘choke ring ground plane’, which can bautiht

of as a very thick conductive ground plane withuanber

of deep, concentric grooves. Each groove is
approximatelyA/4 deep and effectively forms a shorted
transmission line due to the conductive walls. Ehert
circuit impedance is transformed by the quarterevav
distance to an open circuit, so a high impedance is
presented at the upper surface of the choke ringTGR
means that surface waves propagating across the GP
decay at a faster rate (a “3/2 power law”) than dor
conventional flat ground plane (a “1/2 power lavehd
thus there is better multipath rejection. An alstive
explanation for the mechanism by which choke rirgsG
operate is given in [5]. A rigorous mathematicabraach

to modelling and predicting choke ring performames

be found in [7].

Whilst choke ring GPs provide superior performaocer

a flat GP, they are often larger in diameter andallg
heavy and difficult to manufacture. Also, becau$¢he
resonant nature of the grooves, bandwidth is oftenry
limited. Various techniques have been proposectene
bandwidth, such as varying the groove depth frora on
ring to the next [9] and placing a frequency-sélect
surface (FSS) part-way down the groove to make it
appear a different depth at different frequenci@sQther
variations on the choke ring design include a “3le
ring” [8] where the rings are stacked in a pyraitilé-
structure, or the “vertical choke ring” design [Ghere
rings are co-planar rather than concentric and@araed
from circular plates.

Lossy Ground Plane

Preventing electromagnetic scattering from sharp
conducting edges has long been a goal of Stealth
Engineers concerned with the reduction of the radzss-
section of ships and aircraft. A popular solutisritie use

of R-card: a non-conducting substrate coated with a
resistive film, often where the sheet resistivigries as a
function of position from highly conducting to the
impedance of free space. In this way, a sharp edgebe
‘blurred” at high frequencies and the associated
diffraction reduced. The same technique is empldygd
Trimble [10] in their patented ‘Stealth’ model gral
planes, and has the significant advantage of wide
bandwidth.

Rolled edges are also common, but the relatively lo
frequencies used for GNSS lead to very large diiess

Local EBG Surface

An alternative method for producing high-impedance
surfaces is the rapidly-growing field of Electromatc
Band-Gap (EBG) structures, also variously referted
(sometimes incorrectly) as Photonic Band-Gap (PBG),
Artificial Magnetic Conductor (AMC) and related the
Frequency Selective Surface (FSS). Essentiallygalae,
spatially-distributed network of capacitances
inductances can be made to exhibit unnatural étesird
magnetic properties over a narrow range of fregiesnc
The most promising of these structures seems tthde
planar “Sievenpiper” AMC [13], which consists of an
array of metallic patches on the top surface ofetedtric
sheet connected to a groundplane underneath byray a

of vias. Its popularity has grown because it issflds to
manufacture the structure using traditional printeduit
technology. The vias are carefully dimensioned to
produce a certain inductance, whilst the gaps betviiee
patches are capacitive. At or near the designepiénecy,

the surface simultaneously exhibits a high impedatac
surface waves and also an approximately zero degree
phase shift upon reflection of waves at normaldeaoce.
This behaviour is characteristic of a perfect magne
conductor, so is termed Artificial Magnetic Condurct
(AMC).

and

The approach has been attempted as an alternatihe t
choke ring GP with some success (see [11] and [d2])
suffers two major flaws:

» the AMC ‘effect’ is limited to a relatively narrow
band, making such structures difficult to apply to
wideband, multi-GNSS antennas

» the large effective capacitances and inductances
required for frequencies as low as 1.1 to 1.6GHz
are difficult to implement in printed metallic
structures on PCBs.

Whilst the latter may be solved by the use of gunt
spiral inductors and interdigitated capacitorsewen by
chip components soldered to the board, the prolém
bandwidth may be difficult enough to completelyeraiut
the use of EBGs for multi-GNSS applications. Initadd,
the relatively large printed patterns required nago
distort the antenna’s pattern making the phaseedess
stable.

Vertical (Array) Structures

Generally, the radiation pattern of an antenna ban
controlled, including reduction of the backlobe, by
introducing parasitic (electrically unconnected)aative
(electrically connected) elements above and/orvibele
fed element, thus making a vertical array.

This approach has been tried with apparent sud§&ks
[14] and [15]) albeit at the expense of a more darated
and larger/taller antenna. The Integrated Multipath
Limiting Antenna of [15] in particular easily meets



specification of 30-35dB of rejection from 5° tonié,
but only for GPS L1. One potential concern is thatys
with many elements are likely to result in a gaattern
(in the upward direction) which has significantpiigs or
lobes. The side effect of this is an unstable pltasdre,
so whilst the multipath error may be small the ghas
centre error might well end up worse.

Polarisation Rejection

Earlier in this paper the conceptmdlarisation efficiency
was introduced. This is the idea that maximum pomitr
be received when the antenna’s polarisation cheniatit
matches that of the incident wave. The conversalss
true, meaning that if we wish to reject a particula
polarisation we must make an antenna with the \iolg
polarisation properties:

* same axial ratio
» opposite chirality (handedness or direction)
» orthogonally-aligned ellipse axes

In the example of Figure 1, at low elevation angles
multipath wave is right-hand elliptically polarisethere
the major axis of the ellipse is aligned horizogtarhus,

for maximum rejection, the antenna must exhibit a
response at this elevation which has sheneaxial ratio,
but which isleft-handelliptically polarised and with the
major axis alignedvertically. In practice, it is difficult to
control an antenna’s polarisation except in thennalbe

so this approach is highly impractical for singleneent
antennas.

Height Above Ground

Inspection of Equations (8a) or (8b) indicate thais
possible to reduce the phase error simply by reduttie
path length difference between direct and reflectad.
One way to do this is to place the antenna on or near

to the ground surface. Even if this approach doas n
eliminate the error completely, it might be suficily
independent of elevation angle to appear as ansalmo
constant offset which is easily included in calitoas.

Alternatively, one would expect intuitively thataging
the antenna very far away from the ground (i.e.hhig
above it) should also reduce the effects of muitip@his

is often true, although the reasons why are notoatsv If
the ground is assumed to be a smooth, flat, imfiplane
of homogeneous dielectric illuminated by a planesya
then the reflected wave is also a plane-wave anduah,
does not suffer spherical spreading (i.e Hecay in
power with distance). No matter how high up theeana

is placed, the magnitude of the reflected wave, and
therefore its influence, is the same. Of courseierlity
the wave is not a plane wave but the satellitessaréar
away that the spreading is insignificant: a differe of
100m in antenna height results in a decrease itipath
power of a tiny fraction of one milli-dB, according the

Friis Transmission Equation. Clearly the ‘plane wav
assumption is not the one at fault.

Rough surfaces, on the other hand, scatter energy i
diffuse manner so thahanycontributions scattered from
alarge area of the ground will arrive at the antenna with
almostrandom phases. The larger the reflection region,
the greater the overall power contained in the sfirall
these contributions, so one might think the muttipa
signal would grow. However, the path length differe
between the contributions also grows, so the phafstse
various contributions tend to occupy the whole eAg

to +pi and therefore cancel each other on average leading
to lower multipath. The size of the reflection mgiis
determined by the surface roughness, and the heighe
antenna above the ground.

The assumption that real ground surfaces should be
considered to be rough can be validated as folldis.

well known (from [16]) that the radiance of the splar
component of the reflection appears to suffer atiion
when the surface is rough, approximately accortindpe
following equation:

p=Fe®
where
C= 4n [A: [sing

andF is the Fresnel coefficient of reflectandd is the
variation in surface height (roughness), is the
wavelength and@ is the grazing (elevation) angle. A
surface might be considered smooth if the refleci®
>95% specular, and <5% diffuse, for example. This
corresponds to values @f of about 0.23 or less. Table 2
shows the maximum surface roughness values which
meet this criterion:

GPS L1 GPS L2
(1575MHz) (1228MHz)
zenith 3.5mm 4.5mm
45° above horizon 4.9mm 6.3mm
10° above horizon 20mm 26mm

Table 2: Values of surface height deviation
corresponding to a 95% specular, 5% diffuse surface

In fact, if the surface is non-conducting (i.e. le@vic)
and not perfectly homogeneous, sub-surface saagteri
also occurs making the surface appear rougher.

For an incidence angle of 10° above the horizon, @m
antenna 1m above the ground, the region of grodnd o
interest can easily extend many metres in all das. It
is reasonable to assume that in real life surfaséations
over this region are likely to be larger than jasfew
millimetres in practice, unless the ground has been



carefully prepared, and thus the surface should be
considered rough.

M odified Ground Surface
The possibility of treating the ground surfaceome way
is often overlooked as a means of reducing muhipat
errors. Clearly this is inconvenient for mobile
applications, but much better suited to fixed refee
stations — the focus of this paper. Such treatmenght
include one or more of the following:
e non-conducting / lossy surface (kept dry!)
» absorber material (e.g. RAM)
» deliberately roughened surface to
diffuse scattering
» EBG surface to modify phase of reflected wave
to be the same as the incident wave
» EBG surface to modify polarisation of reflected
wave to exactly oppose that of the antenna (and
therefore be rejected)
» a carefully-shaped reflector to scatter incident
energy away from the antenna.
Such techniques might make good candidates fondurt
research if the inconvenience of modifying manyasqu
metres of the ground was deemed worthwhile compared
to, say, the convenience of a choke ring groundplan

increase

Carrier PhaseError Correction

Equation (10) represents a method of determinirg th
carrier phase error given the antenna’s far-fiedng
phase patterns and its height above a PEC groumelpia
should be possible to use this method to correcttfe
phase error in the receiver in much the same way th
phase-centre variation (PCV) is corrected. In facich
corrections could even be incorporated into the esam
‘ANTEX’ format file as the PCV data, and treat both
errors as one.

To make this approach practical, the antenna shbeald

mounted as low as possible to the ground for tvasoas:
e the carrier phase error is relatively slow-

radome

element feed

PN

spiral element

changing with elevation angle, reducing the
number of entries in the corrections file so that i
is sampled every, say, 10 degrees.

» the area of ground required to be ‘PEC-like’ (i.e.
a good conductor) is minimised to perhaps the
order of a metre radius or so making it easier to
control.

Once again, though, the constraints on how and evter
antenna is mounted might be deemed unacceptably
inconvenient compared to an antenna/groundplank wit
inherently good multipath rejection.

A NOVEL GROUNDPLANE STRUCTURE

The methods of reducing multipath described sofdtr
into three broad categories:

1. try to stop the multipath from being produced
(e.g. treat the ground itself with RAM, place the
antenna on the ground or very high above it, etc.)

2. stop the multipath from diffracting around the
edge of the antenna’s local groundplane (e.g. the
‘Stealth’ or lossy groundplane, or no
groundplane at all in the case of the vertical
arrays)

3. stop the surface wave that arises from diffraction
from reaching the antenna by presenting a high
impedance (e.g. choke rings, AMC, etc.)

We considered an alternative to option 3: to stop t
surface wave by reflecting it away from the antenitae
solution, illustrated in Figure 8, is a stretch&l Shape
formed by a large lower plane, a smaller upper elamd

a vertical ‘wall’ separating the two. All three fages are
metallic, and must be axially symmetric (discs and
cylinders) to ensure a stable phase centre.

The basic principle is as follows: the multipath vera
diffracts around the leading edge of the lower

upper groundplane

Cc

shorting ‘wall’

lower groundplane

cavity backing

—

LNA and filtering —
\ d |

Figure 8. Cross-section diagram of the new groundplaneand ARTUS antenna in situ (inset: photograph of prototype)
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Figure 9. M easur ed effects of the groundplane on the ARTUS antenna

groundplane creating a vertically-polarised surfacee.
The surface wave propagates towards the anteniatunt
encounters the upper groundplane. Together with the
lower sheet, this forms a kind of parallel-plateveguide
which continues to guide the wave towards the araen
Finally, the wave meets the ‘wall’ formed by thente
cylinder and is reflected back the way it cames likely

that there is a secondary diffraction from the uppe
groundplane, but simulations show it to be reldyive
insignificant.

A number of candidate designs were simulated using
Ansoft HFSS v11. To minimise the number of tetrabed
in the model, a crossed-dipole element was chostaadd

of the spiral — it has a broadly similar radiatjmattern but

a much simpler geometry. The most-promising design
was further optimised to maximise the ratio of RHgzfh
‘upwards’ to LHCP gain ‘downwards’. The resulting
antenna and groundplane combination actually has a
worse elevation phase centre stability than therara
alone but this can be corrected for in the recearat is
justified by the improvement in multipath rejectidhis
worth noting that the performance of this groundplés
shown in simulations to be significantly better rtha
simple metal disc of the same overall size.

The dimensions of the optimised solution are a 6m@,
b = 30mm, ¢ = 40mm, d = 152mm. Note that diameter d

was chosen to accommodate the complete ARTUS
antennansidethe structure including the radome — there
is no electrical connection between antenna and
groundplane but this has no noticeable effect on
performance. A prototype based on these dimensi@ss
constructed from aluminium and measured in Roke’s
anechoic chamber; the results are given in Figure 9

CONCLUSIONS

Multipath from the ground beneath the antenna cave fa
critical impact on the positioning accuracy of a &N
receiver, especially where centimetre or millimetre
performance is desirable.

It is feasible that carrier phase errors that dfigs such
multipath can be corrected, but only with a good
knowledge and/or control of the ground surface priigs
such as permittivity, moisture content (conducyiviand
roughness. In practice it is more convenient tovioi® a
local groundplane instead, but with the added enobbf
controlling diffraction from the edges at all fremcies of
interest. In the future, it is expected that priecis
applications will require multiple GNSS correctioas
many different frequencies pushing the limits ofaivis
possible with ‘narrowband’ groundplane technolodiles
choke rings.



A possible groundplane solution is presented wkgafot
dependent on resonant structures and is therefore
inherently broad band. Measurements of a protosymsv

that, in conjunction with the ARTUS wideband spiral
antenna, multipath rejection between 15 and 40dB is
possible at all GPS and Galileo frequencies.
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