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1 Introduction

The first edition of this guidance appeared in 2003
(Ainsworth and Thomason 2003). It appeared
just as the use of satellites for surveying was
becoming more commonplace and it provided a
useful introduction to deploying the technology
for archaeological fieldwork. This edition of

the paper takes into account the advances that
have occurred since 2003 and looks at how the
technology is used now by Historic England for
landscape survey. It is hoped that this guidance
will support the work of both professional

and volunteer groups that wish to develop

their use of global navigation satellite system
(GNSS) technology for archaeological landscape
survey, whether the aim is to produce detailed
plans of earthwork sites, to collect data for use
in geographical information systems (GIS) or
reconnaissance work. The paper begins with

a brief overview of how the technology works.
For those who wish to find out more about the
science behind satellite navigation, there are a
number of publications and websites available (eg
El-Rabbany 2006). In particular, the websites of
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the Ordnance Survey (0S), The Survey Association
(TSA) and the Royal Institute of Chartered
Surveyors (RICS) contain much that is relevant
and also have very useful technical papers

that can be downloaded (eg Royal Institute of
Chartered Surveyors 2010).

The paper then provides an overview of what

is meant by accuracy and the use of coordinate
systems. After describing in more detail different
types of survey equipment, it goes on to
describe the different uses of the technology

in archaeological field survey as practised by
Historic England. A short section at the end looks
at future developments.

One of the main advances during the 10 years

or so since the first edition of this paper is that
the United States Department of Defense GPS
constellation has now been rejoined by the
Russian Global Orbiting Navigation Satellite
System (GLONASS) constellation, after more than
a decade during which it was not fully operational,



and further systems are in development. These
systems are collectively referred to as GNSS, and
this term is used throughout this publication

in preference to the term GPS, which refers
specifically to the American constellation.

A metrically accurate survey underpins the
process of analysis and, for many archaeological
projects, a survey is the first stage in
understanding and interpreting the evidence.
GNSS technology has revolutionised ground-
based survey because it can fix a position in real
time anywhere in the world. The accuracy of any
point recorded by a receiver is governed by a
number of factors relating to the sophistication
of the equipment used, the surveying techniques
used, the environment and, if the position

is to be related to background mapping, the
coordinate transformation used. GNSS survey is
now the principal technique used by surveyors,
mapmakers and many other bodies and
organisations that require accurate positioning
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of features, objects or assets in a plan or map-
based form at various scales. Whereas previously
surveying with optical instruments was governed
by line of sight along the ground, whether across
the landscape or among features in excavation
trenches, GNSS does not have that constraint,
and this has made it a much more flexible tool
than survey using a total station theodolite
(TST). It is important to emphasise, however, that
although GNSS is good at providing data that can
be turned into maps, plans and digital ground
models, they do not replace the analytical skills
that are the foundation for the interpretation

and understanding of archaeological sites and
landscapes. Nor is GNSS the only method for
delivering a metrically accurate survey. TSTs,
laser scanners and manual recording techniques
using tapes, ranging rods and plane tables can
also be used for survey (Bowden 2002; Bedford et
al 2011; English Heritage 2011) although, except
for laser-based solutions, they tend to be slower
techniques than using GNSS.



GNSS satellites broadcast a microwave radio
signal and, put simply, the time interval between
the transmission of the satellite signal and its
reception by the receiver enables the receiver to
calculate the distance between it and the satellite
(El-Rabbany 2006, 13-16). As the positions of
the satellites in orbit above the Earth are known,
simultaneous measurements to more than four
satellites enable the unknown position of the
receiver to be computed in three dimensions.
The satellites also transmit an almanac of their
predicted positions that is used by the receiver
when it first starts tracking the broadcasts
following switch-on.

GNSS receivers need to receive a signal from at
least four satellites in order to perform all the
required positioning calculations. It follows,
therefore, that the receiver must be able to ‘see’
the sky. This is probably the easiest concept to
grasp, although in practice it is not quite that
simple. The amount of sky visible is one factor;
how many satellites are in the visible parts of
the sky is another; and, finally, the quality of
the satellite geometry is a third key factor. Put
simply, a wider distribution of satellites across
the sky gives better satellite geometry, which

in turn results in smaller positional errors on
the ground (Fig 1). This is referred to as the
dilution of precision (DOP) and is displayed on
the more sophisticated types of receiver as a
numerical value: the larger the value, the poorer
the precision. Fortunately, the surveyors on the
ground do not have to concern themselves with
this too much; they only have to be aware that
these factors will affect the quality of the data and
resultant positioning and may cause the receiver
to reject a point depending on the threshold of
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Background to
How GNSS Works

accuracy that has been set. Poor geometry is more
likely to occur when surveying in deep valleys or
close to cliffs and buildings, where sky visibility
is restricted. It is advisable when working in such
areas to check first the satellite visibility for the
chosen location, to find out when the greatest
number of satellites will be in the observable
part of the sky. Most manufacturers of GNSS
survey equipment provide a software program

to calculate satellite visibility to assist with
timetabling fieldwork. Even then, if the satellite
geometry is poor the receiver may still struggle to
resolve a point accurately.

The signals broadcast by the GNSS constellations
are extremely weak and subject to interference from
a number of sources during their passage to the
receiver (El-Rabbany 2006, 43-63). Left unresolved,
this interference can result in quite major errors in
calculated positions on the ground. Changes within
the Earth’s atmosphere can affect the passage of
the signal both through the upper atmosphere
(ionosphere), where solar radiation can cause
problems, and the lower atmosphere (troposphere),
where variations in atmospheric pressure and
water vapour can disturb the passage of the signal.
The signals are more prone to distortion when the
satellites are low on the horizon, because they
have more of the atmosphere to pass through,

but usually a parameter can be set on the receiver
(called an elevation mask) to reject data until a
satellite rises to a certain angle above the horizon.
This is typically 15 degrees. Compared with single-
frequency (L1) receivers, the more sophisticated
(and expensive) dual-frequency (L1/L2) receivers
are better able to mitigate against ionospheric
errors caused by the dispersive effect of the
ionosphere on GNSS signal frequencies.



Figure 1
Diagram showing the difference between (A) strong satellite geometry, with an open view of the sky,
and (B) poor satellite geometry, where sky visibility is restricted.

Once on the ground, the signal can reflect off
buildings and large objects, such as passing
vehicles, resulting in multi-path interference: the
same signal arrives more than once at the receiver,
giving rise to potential errors in the calculated
position (Fig 2). Such errors can be detected by the
more expensive receivers and compensated for,
while higher specification receivers use differential
survey to filter errors and improve accuracy, as
will be described in more detail below.

Aside from physical obstructions, GNSS reception
might also disappear entirely because of radio
interference from masts and transmitters or from
working machinery, so itis important to assess the
risk of such interference when planning a survey. It
is also usually very difficult to use a GNSS receiver
among trees because foliage blocks reception,
especially when leaves have a high moisture
content. Usually it is far more efficient to use a TST
to capture detail in woodland (Bedford et al 2011).

Most modern survey- and mapping-grade
receivers are capable of receiving signals from
both the American GPS and the Russian GLONASS
satellite constellations. With more satellites
available, it is possible to work in marginal areas,

<< Contents

for example near trees or close to buildings,
where formerly there were too few satellites for
the receivers to calculate accurate positions.
Europe is also developing its own satellite
navigation system, known as Galileo. Currently
under development by the European Space
Agency (ESA), Galileo will be an independent,
civilian-operated system, but it will be compatible
and interoperable with GPS and GLONASS. It is
intended that Galileo will be fully operational

by 2020. A constellation is also being developed
by the Chinese, called the BeiDou Navigation
Satellite System (BDS). It will initially only be
available to users in the Asia-Pacific region but
when fully operational in 2020 it will be available
to users across the globe.

There are several other satellites used for
positioning that are designed to augment the
major constellations described above. They

are referred to as satellite-based augmentation
systems (SBAS) and differ from the main
constellations in that they are geostationary. The
SBAS system observable from most of Europe is the
European Geostationary Navigation Overlay Service
(EGNOS) developed by the ESA. North America has
an equivalent, called the Wide Area Augmentation



System (WAAS), and others are in development. The
EGNOS system consists of three telecommunication
satellites in fixed positions above the Earth. They
receive correction data from six GNSS monitoring
stations across Europe and then broadcast these
corrections for use by any SBAS-enabled GNSS
receiver. The receiver can then resolve its position
more accurately than if it was relying on GPS and
GLONASS alone. Most types of GNSS receiver on the
market today have SBAS capability. The downside
of EGNQOS, particularly at higher latitudes, is that
the EGNOS geostationary satellites can appear at
quite low elevations in the sky and therefore can
be easily blocked by obstructions or terrain.

AN

Before discussing the equipment and applications
of GNSS for archaeological surveying in the field,
it is important firstly to be clear about what is
meant by accuracy and secondly to understand
the transformations that take place to fix a
survey derived from satellite data accurately on
to a national grid, which in Great Britain means
relating to OS mapping. As a new user, it is easy
to set up a receiver and to produce readings
relating to latitude, longitude and height, or to
eastings, northings and elevation, without fully
understanding the accuracy of the coordinates
displayed and therefore the reliance that can be
put on the survey.

o

Figure 2

Diagram showing examples of how the signal broadcast from the satellite can be reflected by features on the
ground, giving rise to multi-path interference and possible inaccuracies in the calculated position of the GNSS

receiver.
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3 Accuracy and GNSS

The term accuracy is applied in three distinct ways
when used in conjunction with GNSS and survey:
(1) relative; (2) map; and (3) absolute (Fig 3).

[ | Relative accuracy refers to the relative
alignment of points in the survey and the
measurements between them.

[ | Map accuracy refers to the accuracy of the
placement of those points on a map; in Great
Britain this would normally be an OS map.

[ | Absolute accuracy is a measure that
indicates how closely the coordinates of a
point agree with the ‘real’ coordinates of
the point on the surface of the Earth. As was
mentioned above, it is possible on the more
sophisticated receivers to set a threshold
to reject points if the calculated position
does not meet a minimum level of accuracy,
as will occur, for example, when satellite
geometry is poor.

3.1 Relative accuracy

Underpinning any surveying technology is the
concept of relative accuracy: the measurement
and spatial relationship between pointsin a
survey. This applies to all surveying equipment
and methodology, and is a mark of how close
the distance measured between two points
with a tape, TST or GNSS receiver is to their real
distance apart. The concept of relative accuracy
and making choices in relation to appropriate
surveying equipment and techniques for
archaeologists is covered in detail elsewhere
(Bowden 1999, 49-52; 2002).

<< Contents

3.2 Map accuracy

GNSS has a clear advantage for site survey
because of the ease with which it can record
points for a map using the national grid system,
which in Great Britain is the OS National Grid.

In the past, long traverses with electromagnetic
distance measurements (EDM) and theodolites
between triangulation pillars, followed by copious
calculations, were necessary to fit surveys on

to OS large-scale maps accurately. This was a
time-consuming and complex task. Because

of this, easier and less accurate methods were
devised, with the position of surveys being ‘best
fit" on to paper maps, or on to digital maps using
computer-aided design (CAD) systems.

Figure 3
Diagram showing the difference between relative
accuracy (dashed line) and map accuracy (solid line).



These practices were not very satisfactory
solutions for maintaining map accuracy where the
correct spatial relationship between features on
the ground and the map is important.

The advent of GNSS has meant that the accurate
positioning of surveys on to maps is no longer
the realm of the specialist land surveyor, as
most receivers can display points with map
coordinates. However, the surveyor does have
to identify the GNSS equipment that will achieve
the required map accuracy for the scale of survey
being undertaken. The positions of features
recorded by GNSS might not agree with the
same features shown on existing OS mapping;
this inaccuracy might be because the wrong
type of receiver is used, one that is not capable
of achieving the required accuracy (see below).
Alternatively it might be because the map is not
as accurate as the GNSS-derived position.
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3.3 Absolute accuracy

This is a measure of the closeness of a

point’s coordinate to its ‘true’ value. Satellite
constellations use global coordinates defined

in a system called the World Geodetic System
1984, usually abbreviated to WGS84, and because
of the worldwide nature of GNSS high absolute
accuracy in the same coordinate system is now
possible across the surface of the Earth, although
for most users the true value of a point is defined
by the national map grid. Through software
transformations, positions derived from GNSS in
WGS84 coordinates can be projected on to different
national map grids. Most GNSS manufacturers
have a number of map projections built into

their software to enable WGS84 positions to be
transformed to national map grids, however these
can be of varying quality and it is advisable to
document which, if any, transformation is used.



4 Coordinate
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Any map projection needs an ellipsoid, which is a
mathematical surface that best approximates the
curved shape of the Earth’s surface. Historically,
however, accurately measuring the size of the
Earth has been difficult and as a result the
ellipsoids defined in the past were often chosen to
best fit on a regional rather than on a global scale
(Iliffe 2008).

The Earth is a complex and dynamic body, and
geodesists through the centuries have applied
themselves to the science of defining various
ellipsoids on which to base mapping projections.
Map projections are necessary to allow the actual
curved surface of the Earth (or, for simplicity,

the ellipsoid) to be represented as a flat plane.
To address local mapping requirements, many
countries have devised their own map projections
and referencing systems. On a more global scale,
long before satellites had ever been invented,
maps and charts represented the surface of the
globe using latitude and longitude positions
based on celestial observations. However, it is
only since the advent of artificial satellites that it
has been possible to measure distances on truly
international scales and to construct the precise
global coordinate system WGS84.

Points surveyed using a GNSS receiver need to

be related to existing map detail and so require
transformation from the global reference system
provided by the satellite navigation system
(WGS84) on to the local reference system and map
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Grid References

projection. In the case of Great Britain, this is the
0OSGB36® system and OS National Grid (Ordnance
Survey 2013). The process of transforming
coordinates is described below, although it is
worth noting that the OS provides a free model to
relate GNSS-derived coordinates to the OSGB36
National Grid. This transformation model is
known as OSTNO2™.

The geoid is another theoretical surface that the
surveyor needs to visualise in order to understand
heights derived from GNSS. The geoid is an
irregular gravitational equipotential surface
approximating the mean sea level over the Earth
and its imagined extension under the land areas.
In order to give meaning to the concept of relative
heights around the world, the geoid provides a
theoretical figure similar to the ellipsoid, thus
providing a worldwide datum to which heights can
be related. This acts as a fundamental reference
for all height measurement. Historically, on
mainland Great Britain, heights have been related
to Ordnance Datum Newlyn (ODN), thus all heights
on OS maps and benchmarks are related to ODN.
Just as the ellipsoid coordinates have to be
transformed to local maps, so heights derived from
GNSS have to be transformed to ODN or another
vertical datum. The transformation from GNSS
heights to the relevant national height datumis
most accurately carried out using the OSGM02™
geoid model. Failure to take this transformation
into account can render height values derived
from GNSS inaccurate by up to 50m.



4.1 WGS84 and ETRS89

As explained above, while a grid reference is
thought of in relation to a coordinate system on
a map, such as the OS National Grid, a position
derived from GNSS data is related to the global
coordinate system WGS84. Coordinates in this
system are usually expressed as either latitude,
longitude and ellipsoid height, or Earth-centred
Earth-fixed (ECEF) xyz Cartesian coordinates.
WGS84 was designed for navigation applications
throughout the world, where the required
accuracy is up to Im. A high-accuracy version of
WGS84, known as the International Terrestrial
Reference System (ITRS), has been created in a
number of versions since 1989 and is used mostly
by geoscientists. There is a problem, however,
with trying to use a global coordinate system for
land surveying in a particular country or region:
the surface of the Earth is formed of a series of
plates that are constantly in motion with respect

GNSS d.ata National GPS
collection
Network
by user
ETRS89 GNSS
coordinates
National Grid National Grid
Transformation Model
OSTNO02 OSGMO02
(Plan position) (Heights)
National Grid ODN
Horizontal height
coordinates

Figure 4

Diagram showing the main stages in transforming
GNSS satellite data to OS National Grid coordinates
and ODN heights.
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to each other, at rates of up to 120mm/year. This
phenomenon, known as continental drift, means
that in reality there are no fixed points on Earth.
In common with the rest of Europe, Great Britain
isin motion with respect to the WGS84 coordinate
system at a rate of approximately 25mm/year.
Over a decade, the WGS84 coordinates of any
survey station in Britain change by ¢ 0.25m as

a result of this effect, which is unacceptable for
precise survey purposes.

For this reason, the European Terrestrial Reference
System 1989 (ETRS89) is used as the standard
precise GNSS coordinate system throughout
Europe. ETRS89 is based on ITRS, except that it is
tied to the European continental plate and fixed in
time (1989). Hence it is steadily moving away from
the WGS84 coordinate system with the movement
of the European plate. The relationship between
ITRS and ETRS89 is defined precisely at any

point in time by a simple transformation of the
coordinates, published by the International Earth
Rotation Service (IERS).

In summary, these global coordinate systems
might seem confusing but it is important to
recognise that they have implications for using
GNSS to relate surveys to OS maps (see below
regarding the National Grid). ETRS89 has been
officially adopted as a standard coordinate system
for precise GNSS surveying by most national
mapping agencies in Europe. By using ETRS89,
itis possible to ignore the effects of continental
motion because, to a high degree of accuracy,
the ETRS89 coordinates of a survey station stay
fixed as long as there is no local movement of
the survey station. If control from the OS Net®
(described below) is used, then the survey will
automatically be in ETRS89 (Fig 4).

4.2 The National Grid

To use GNSS data with OS mapping, it is necessary
to understand the different coordinate systems
used by the OS (Ordnance Survey 2013). As the
government agency responsible for national
standards in spatial positioning in Great Britain, the
OS has defined three national coordinate systems.



[ | OSGB36 National Grid. Historically this is a
traditional horizontal (eastings and northings)
coordinate system using the Airy 1830
ellipsoid, originally realised by a national
network of triangulation pillars. It is the
national coordinate system in Great Britain for
topographic mapping at all scales for most
maps available both in print and digital form,
including MasterMap® data, and is commonly
used as the reference grid for spatial records
in archaeological records collections. OSGB36
National Grid is now defined by the ETRS89
positions of OS Net GNSS stations plus the
OSTNO2 transformation (see below)

u ODN. This is a traditional vertical coordinate
system based on mean sea level tidal
observations at Newlyn in Cornwall between
1915 and 1921. ODN is realised by a network
of 200 fundamental benchmarks and half a
million lower order benchmarks throughout
mainland Britain. All observations for this
network were undertaken by traditional
levelling techniques. All benchmark values,
spot heights and contours on OS maps
throughout mainland Britain are related
to the datum at Newlyn. This is the usual
definition of heights above mean sea level in
Great Britain. As the lower order benchmarks
are no longer maintained by OS, the
recommended method of realising an ODN
height is via GNSS and the OSGM02 model

[ | ETRS89. This is the national coordinate system
for three-dimensional GNSS positioning,
as described above. If the scale of a survey
is such that accuracy of Im or more is
acceptable, then WGS84 coordinates can
be used and converted to the National Grid
(OSGB36) if necessary. If the requirement
for accuracy is below 1m, then ETRS89
coordinates should be derived using OS Net

4.3 The OS national GNSS base
station network (OS Net)

OS has defined a new GNSS national positioning
infrastructure based on ETRS89. This infrastructure
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has replaced the traditional network of
triangulation stations still so familiar on

mountain and hilltops, which formed the physical
realisation of the OSGB36 National Grid. This

new network of fixed points is known as OS Net
and consists of a network of more than 100 GNSS
receivers fixed at permanent locations throughout
Great Britain, with a spatial density of 50-80km to
give full coverage across the country. The precise
positions of these base stations are known in
relation to the ETRS89 coordinate system and they
continuously log satellite data from both the GPS
and GLONASS constellations. The data are used by
partner organisations and communicated back to
the user with a licence subscription and applied

in real time to their GNSS readings, typically using
a mobile phone service. The system has been
rigorously tested (Penna et al 2012) and found

to deliver consistently a root mean square (rms)
accuracy in the order of 10-20mm in plan position
and 20 -30mm in height. This means that ‘for each
coordinate component roughly 68% of individual
solutions will have errors smaller than the rms,
and 95% will have errors smaller than twice the
rms’ (The Survey Association 2012, 2).

If real-time corrected data are not required, or if
the user cannot receive correction data because,
for example, of poor mobile phone reception, it

is possible to download the same data (in the
Receiver-INdependent EXchange format, RINEX) for
free from the OS and use post-processing software
to adjust the positional data gathered in the field.

Points are transformed to eastings and northings
on the National Grid (OSGB36) by applying the OS
definitive transformation (OSTNO02), and to heights
above mean sea level that are consistent with

the traditional benchmarks by using the national
geoid model (OSGM02). These are computer-
based transformations and are available within
many GNSS software packages as well as free
through the OS website. This ensures that all

data captured through the use of OS Net are

to a common standard and can be easily and
accurately related to other map data sets that
have been transformed to the OS National Grid,
such as georeferenced aerial orthophotos or lidar
tiles, as might be required in a GIS.



5 GNSS

Having looked at the principles that underpin
GNSS and its use, the next stage is to describe
the equipment itself. It is easy to become
overwhelmed by the sheer volume of articles,
technical reviews and advertising literature
that cover the subject. To simplify this ever-
expanding equipment market, the GNSS survey
equipment available can be divided into three
broad categories: navigation-grade (hand-held),
mapping-grade (GIS data collection) and survey-
grade (detail survey) (Fig 5).

These categories are principally defined by their
respective levels of accuracy (as explained above),
their mode of use in the field and their cost. Entry-
level navigation-grade receivers cost a little more
than £100 while the most sophisticated survey-
grade receivers cost more than £10,000. The
differences between the various grades of receiver
are largely because of the different signal-
processing techniques used by the receivers to
determine their positions, with cheaper models
only able to process one of the multiple signals
available. It is important to remember, however,
that the receivers are not the only pieces of
equipment necessary; there will almost certainly
be a need for tripods, poles, batteries, chargers,
data loggers, computers and specialist survey
software, especially for mapping- and survey-
grade GNSS. An external GNSS antenna may also
be required for use with an on-site base station,
as described below. Without these peripherals,
which can be costly to purchase and maintain,
the receiver will be of limited use. An alternative
to purchasing the more expensive receivers is to
hire the equipment, especially if it is not likely

to be in continuous use. Where budgets are

tight, this option makes the most sophisticated
and expensive survey-grade receivers viable for
archaeological field survey.
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5.1 Navigation-grade GNSS receivers

These receivers are compact, lightweight and
comparatively cheap and are marketed to the
general public as navigation aids. The same
navigation facility is often found on modern
smartphones and tablets. While navigation-
grade receivers and smartphones are of limited
use as surveying instruments, they are still

useful as a means of locating or recording the
approximate positions of archaeological sites

or finds in areas where there is little map detail.
Some more specialist receivers offered by survey
companies are aimed at GIS data collection and
asset management. They typically have a built-in
camera that outputs georeferenced photographs,
commonly with WGS84 coordinates, and a form
that the user can adapt to record the attributes of
each point surveyed.

Navigation-grade receivers use only a part of the
GNSS signal and as a result can often work better
under woodland canopy than survey-grade
receivers, which rely on clear reception of a

wider spectrum of signals. It must be understood,
however, that navigation-grade equipment will not
generally provide a horizontal position of sufficient
accuracy to undertake detailed mapping. Taking
repeated readings at a fixed location will result

in a spread of points as the receiver calculates a
slightly different coordinate each time (Fig 6), so
the relative accuracy is quite low when viewed at
a large scale. The technical specifications of the
model of receiver being used should be checked for
the stated level of accuracy normally achieved but,
as Fig 6 demonstrates, it will not be sufficient for
detailed planning of a site or for recording features
relative to one another. The inbuilt software

in navigation-grade receivers often provides
positioning within a number of international

and local map coordinate systems, for example



the National Grid (OSGB36). It is possible with
some units to export the recorded positions in
WGS84 and then to use the OSTN02 and OSGMO02
transformations from the OS GNSS website to
obtain coordinates in the OS National Grid.

5.2 Mapping-grade GNSS receivers

These are lightweight systems that can be used
for surveying and mapping purposes where
accuracies between 0.5m and 5m are acceptable.
This type of system usually consists of a
hand-held device that combines the receiver
and data logger in a single unit. Mapping-

grade hand-held GNSS units are distinguished
from navigation-grade units by their level of
sophistication, specification and cost, which is
usually in the low thousands. Mapping-grade
GNSS receivers usually have the capacity to view

preloaded and georeferenced digital map tiles,
lidar and aerial photographs, to allow feature and
attribute coding and the collection of data for
use in GIS via customised forms (Fig 7) (see below
regarding surveying with GNSS.

This type of receiver is ideal for mapping at scales
up to 1:2 500 and for recording associated data for
use in GIS systems. The majority of these receivers
are capable of receiving SBAS corrections such as
EGNOS, which gives them an accuracy generally
of no better than 0.7m, while more sophisticated
models can achieve an accuracy of 0.1m because
they have the facility to use a real-time differential
correction such as from OS Net. Again the
manufacturer’s technical specifications should be
read to ascertain the accuracy of a specific model.
Some data formats allow post-processing using
data downloaded from OS Net via the OS website
in order to improve accuracy.

Figure 5

The three main categories of GNSS receiver.
(A) Navigation-grade, (B) mapping-grade
and (C) survey-grade.
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5.3 Survey-grade GNSS receivers

Survey-grade equipment is capable of the greatest
accuracy, so consequently is the most expensive
GNSS survey option. It is the only type of GNSS
receiver that can produce absolute accuracy at
the centimetre level and is comparable in relative
accuracy to a higher order TST survey. In order to
achieve this high degree of accuracy, all survey-
grade systems use a differential approach to data
gathering and survey processing. One method

is to use two receivers on site. One receiver is
designated as the base, which remains static on

a tripod, while the second is referred to as the
rover. The rover is mounted on a pole and is
moved by the surveyor from point to point to
create the survey, ideally with a radio link to the
base to receive corrections and improve relative
accuracy in real time. Post-processing is then
needed to adjust the data gathered by the base

06

X

and rover method to achieve the highest degree
of accuracy relative to the OS National Grid, or the
position of the base station can be determined

to the same degree of accuracy at the start of

the survey by obtaining correction data in real
time from OS Net via one of the subscription
services developed by a number of providers. The
alternative is to dispense with the base receiver
and use just a rover receiver in combination with
OS Net. These methods are described in more
detail below.

Older rover receivers required the user to carry
ancillary components, such as the power supply
and a radio receiver connected by leads to the
receiver, in a backpack. With modern survey-
grade receivers Bluetooth technology has largely
replaced the need for leads and the power supply
and radio antenna are both small enough to be
housed on the receiver.

Job: Whitley3
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Class Archaeological Feature RV

26/11/13 g

MonName
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MonType Cairn [pVd

Evidence Earthwork V4

Class Funerary [avd
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Figures 6 and 7

6. Plot showing 20 points recorded at 30-second
intervals using a navigation-grade receiver over a
static point (represented by the cross) located using
a survey-grade GNSS receiver. The bounding box
represents a 10m x 10m square and the spread of
points indicates the problem of using this grade of
receiver for detailed survey.
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7. Example of a simple form for recording attribute
information on a mapping-grade GNSS unit for
download into GIS. The ‘down’ arrow indicates
entries selected from a pick list and the star
indicates entries that are populated automatically.



The basics of surveying apply to GNSS as they do
to any other method of survey, and choosing the
correct approach and understanding the level of
detail required is all part of the skill of surveying.
The level of detail required should dictate the
scale of the survey and vice versa (Bowden 1999,
chapters 4 and 5). Sometimes it will be down to the
field team to decide the scale of the survey, or it
may be stipulated in a tender document or project
design. With the scale of the survey established,
the next decision is how to tackle the survey. While
GNSS is often the technique of choice because of
its versatility and speed, it is not always the best
approach to use and often has to be combined with
other techniques to get the best results. The terrain,
site topography and geography should be assessed
prior to the start of the survey to see if there are any
factors that might affect clear reception of signals
from satellites, such as trees, buildings, cliff faces
and other obstructions. Where such obstructions
exist, and depending on the scale of the survey,
then a TST or manual recording using tape-and-
offset or a plane table will have to be deployed
alongside the GNSS to record in those areas. With
this in mind, it saves time if the GNSS and TST
equipment are capable of close integration so
that they can share the same survey file.

It is sometimes very difficult to survey complex
sites with subtle earthwork relationships using
only GNSS, as even the most accurate receiver
is still something of a blunt tool compared with
hand drawing. In such circumstances the GNSS
receiver is used to fix the location of a network
of markers, such as pegs, and the resultant plot
showing the pegs is then used as the basis for
tape-and-offset survey with the detail added by
hand drawing (Bowden 1999, chapter 4; 2002).
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_andscape Survey
Jsing GNSS

Typically this involves a team of two people,
with one measuring on the ground and the other
drawing, and indeed, even when using GNSS, a
collaborative approach works best when dealing
with complex and subtle earthworks, as the
interpretation and depiction can be discussed
between the surveyors as the work progresses.

With the scale of survey decided and the decision
made to use GNSS, then the question arises as to
what grade of GNSS receiver to use. The preceding
section has described the capabilities of the three
main categories of receiver, so lower accuracy
devices should not be used to try and deliver

a detailed, large-scale survey, and similarly, if
there is no requirement for the highest degree

of accuracy, then it is a waste of effort using a
survey-grade receiver that might involve setting
up an on-site base station each day. It is better to
consider hiring the correct grade of receiver for
the project than to attempt to use one that is not
suitable for the scale of survey required.

It has to be remembered that GNSS technology,

or indeed any electronic survey device, only
produces a series of three-dimensional points.

To turn these points into an intelligible plan or
map, they must be combined with feature coding:
each point recorded is given a code that identifies
what it represents. Software that includes feature
coding is normally installed on a data logger
connected to the GNSS receiver and processed
after downloading, although it is more beneficial
if the data logger is capable of processing the
feature codes in real time to display the developing
survey plan on the controller while in use. Without
this facility it is easy to omit parts of the site
accidentally. Ideally the surveyor should aim to



create a library of feature codes that provide a clear
representation of the features in the landscape,
whether archaeological or modern, and that can
be used on all the electronic survey devices in
use, in order to create consistent maps and plans.

Feature coding involves setting up a library of the
features to be surveyed; these can be points, such
as survey pegs, trees, cairns or other fixed points,
or linear features, such as fences, roads and the
tops and bottoms of earthworks, or polygons,
such as buildings or ponds (Fig 8). As each point
is recorded, a feature code is attached to it by

the surveyor, which determines how it will be
treated when it is processed. A point may have

a symbol inserted on it, or points may be joined
with a particular type of line. A polygon may be
given a particular colour of fill, for example to
distinguish buildings from other polygon features.
Control codes are used to tell the software when
to stop joining a line and start a new one, or
when to finish or ‘close’ a polygon. Feature codes
might also have associated attributes defined by
the user, for example the height and diameter

of a cairn or the spread of a tree. Such attribute
data can control the size of how a point symbol
representing a specific cairn or tree is displayed
on the plan. Some software is able to take the
concept of attribute data much further by offering
the additional facility of linking a user-defined
form to a particular feature code to allow the
surveyor to record a wide range of data for use

in a GIS. This facility is more commonly found
with software used to log data on mapping- and
navigation-grade receivers than on survey-grade
data loggers, where the focus is on the creation of
accurate and detailed maps.

6.1 Approaches to survey

The purpose of this section is to consider in more
detail best practice in tackling different types
and scales of archaeological survey, including
selecting the most appropriate grade of GNSS
receiver for the job. It is based largely on the
experience of the English Heritage field teams
from across the country during the last 10 years.
It is important at the end of the survey to
document thoroughly, in the final report and in
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the archive, the methods used to survey the site,
including the type of GNSS equipment and the

software used for processing and how the survey
was fixed to the map with what level of accuracy.

6.2 Navigation-grade GNSS survey

As this grade of receiver is primarily intended for
keeping track of routes and finding locations,
most of the mass-market units available have

a limited facility for use as survey instruments.
Some manufacturers of survey- and mapping-
grade receivers also offer lower budget
navigation-grade models specifically for survey,
with the facility to load feature-code libraries, and
background mapping and georeferenced images
such as lidar and rectified aerial photographs.
Such units vary considerably in the level of
accuracy they normally achieve and it is advisable
to check carefully what the specifications are
before purchase. Normally they can only be used
reliably for 1:10 000-scale mapping and above.
Increasingly smartphones have in-built GNSS
receivers, although for optimum results they need
the additional assistance of Wi-Fi and mobile
phone networks to resolve their positions. Various
apps exist that can be used on smartphones

for downloading pre-existing maps from the
‘Cloud’ and for creating forms for recording basic
attribute data.

Specialist navigation-grade GNSS receivers are
used by the field teams for Level 1 surveys (Fig 9),
where minimum information is recorded and
possibly only a single point surveyed in order to
place a dot on a map to represent a site or feature
(Ainsworth et al 2007). With the capability of
receiving corrections from EGNOS, such receivers
are able to achieve accuracies of between 2 and
4m. They are also used to find sites previously
mapped from aerial photographs or shown on
historic mapping, and therefore are particularly
useful in upland areas where there is little map
detail to guide searches. Commercial navigation-
grade receivers are used outside Historic England
to survey the basic components of archaeological
landscapes by adapting the tracking facility to
record linear features and the basic extent of
settlement sites (Eastmead 2012).
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Figures 8 and 9

8. Diagram showing the structure of a typical code
library for use on a mapping-grade GNSS unit.
The three codes Data_A, Data_L and Data_X are,
respectively, for recording an area, a line and a
point with a linked attribute form (as in Fig. 7),
which allows the user to capture supplementary
data for download into a GIS. The other codes are

for recording map detail without attached attribute

information (the code R_and_F refers to ridge and
furrow).

9. A specialist navigation-grade GNSS unit in use to
record point data for download into a GIS
© Historic England, M. Bowden.

6.3 Mapping-grade GNSS survey

Mapping-grade GNSS receivers are lightweight
and portable but at best are only capable of
accuracies of 0.5-1m so are not capable of the

relative accuracies needed for detailed earthwork

survey. They are used by Historic England field

teams for Level 1 surveys, and for Level 2 surveys

which involve accurately mapping the location
and extent of a site, usually at 1:10 000 and 1:2
500 scales, and recording attributes into a pro

forma preloaded onto the device for use in a GIS.

Mapping-grade receivers generally consist of the
receiver and data logger in an integrated unit
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designed for carrying in the hand, although
there are makes where the two are separate
and are mounted on a pole. This improves

the accuracy and reliability of the calculated
position. Older models worked with navigation
transmissions from the coastguard to improve
accuracy, while more recent developments
have seen the introduction of receivers that can
achieve a mapping accuracy of 0.1m using

OS Net, which means they can be used for 1:1
000-scale surveys. In the absence of OS Net and
depending upon the type of software used, it is
possible to record sufficient satellite data to
allow for post-processing of the results to
improve map accuracy.



Case Study 1: Little Doward
Landscape Park, Herefordshire

In the 18th century the steep slope below
Little Doward prehistoric hillfort was turned
into a landscape park overlooking the River
Wye (Bowden 2009). Cliff paths, steps and
grottoes were laid out for visitors to enjoy

this picturesque spot, but the park fell into
disrepair and has long since been abandoned.
The aim of the survey was to undertake a

rapid reconnaissance of the former park to
identify surviving features and plot these as
single points and lines on a map (Fig 10).
There was no requirement to undertake any
detailed survey work at this initial stage and
therefore it was decided to use a navigation-
grade GNSS unit designed for survey work with
background mapping and a pro forma database
loaded onto it to create a standardised body
of information relating to each feature located
with the GNSS unit.

The resulting plot showed the points and lines
recorded, along with the identification numbers
given to each feature in the field and forming
part of the database created on the navigation-
grade unit. After downloading, the data were
exported in a .shp file format for use in ESRI’s
ArcGis software. This preserved the link created
in the field between the surveyed point or line
and the associated database entry. As a result
it was relatively straight forward to run queries
in the database and display the results on the
map for interrogation on screen or for printing
out for publication.

< < Contents

17

AB105

3
8
~os

AB110

AB{22
® @
apiighBiga \?}
AB116
7
@2
K‘%
AB{%AP'HD {8120 AB1O1
»\[’%{Hiﬁ ® s
AB14 B 1
AB125 5 g
AB122 @ .A‘:H-.-. ABTAY AB154
® ABYAB
AB132 ..m'm .ABMG =%
L .ABMB
AB150
L ]
AB14T
0 500m
L n . 1 1 )
Figure 10

GIS plot of the historic garden and other
archaeological features recorded at Little Doward,
Herefordshire, using a specialist navigation-grade
receiver on a 1:10 000-scale OS base map.

© Crown copyright. All rights reserved. Historic England
100019088.2015.




6.4 Survey procedures

A mapping-grade receiver is typically used across
wide tracts of landscape where the emphasis

is on creating a basic map depiction at 1:2 500
scale or smaller, rather than attempting to record
the intricacies of individual earthworks. Prior to
the start of fieldwork it is often helpful to load
digital copies of lidar, rectified aerial photographs
and historic and modern OS mapping as
georeferenced image files so that they appear on
the unit at the correct location as the surveyor
moves about the landscape. This facility helps
identify features shown on the images and saves
the effort of taking a portfolio of paper maps

and photographs out into the field for reference,
although preparing and loading the image files
will take some time prior to the start of fieldwork.
The OSTNO2 transformation is also preloaded

on to the data logger to deliver optimum map
accuracy by transforming the coordinates
captured by the receiver. If the survey results are
going to be fed into a GIS, then time needs to

be spent before the start of fieldwork to create

a feature-code library that matches the feature
classes in the GIS, and to design forms for use in
the field to capture attribute information about
the features being mapped for use in the GIS.
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6.5 Process of survey

Generally this grade of GNSS receiver is used for
basic map depiction. The aim is to characterise
the basic form and distribution of sites across the
landscape and perhaps identify targets for more
detailed survey. For example, a polygon could

be used to show the extent of a settlement site
and a single line the alignment of an associated
field boundary or trackway. Where the survey

is part of a GIS project, then more time might

be spentin the field recording data about each
feature as attributes, rather than on physically
walking around the feature to survey it. These
data could include, for example, the approximate
date, the state of preservation, the nature of any
threat to the feature and its relationship to other
features. Some mapping-grade units also have the
capability of taking georeferenced photographs
that can be linked to the feature being surveyed
and then downloaded into the GIS.



Case Study 2: Mendip Hills Area
of Outstanding Natural Beauty,
Somerset

In 2006 the former English Heritage
Archaeological Survey and Investigation team
embarked on a 3-year interdisciplinary project
examining the historic landscape of the Mendip
Hills Area of Qutstanding Natural Beauty
(AONB). The Mendip Hills, which lie to the
south of Bristol, are largely formed by a gently
undulating Carboniferous limestone plateau,
and are characterised by enclosed farmland,
mixed woodland and grass and heather moor.
The area of the AONB covers nearly 200km2 and
archaeological sites of all periods were within
the scope of the project.

More than 300 Early Bronze Age round barrows
were known from across the survey area,
crowning the hills, ridges and valley heads, and
such sites are the most common scheduled
monuments. An assessment of the region’s
barrows and barrow cemeteries was therefore
considered to be a key objective during the
English Heritage project. As part of this work, a
Level 2 survey was undertaken at 1:2 500 scale
of some of the main barrow groups, with the aim
of providing basic information about the
location, form and condition of each monument.
Using a mapping-grade GNSS receiver, a single
point was recorded at the centre of each mound,
which was linked to an attribute form stored on
the receiver. Information such as the size, type
and physical characteristics of each monument
was recorded in the field and then downloaded
into the project GIS back in the office.
Georeferenced image files of OS 1:10 000-scale
mapping were preloaded on to the survey
device, along with point data from the National
Historic Environment database representing the
location of known barrows. In unenclosed areas
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with challenging vegetation cover, such as
heather moor, the preloaded data made it
quicker and easier to locate known monuments
in the field because it allowed the investigator
to walk directly to their immediate vicinity.
Indeed, some of the low-platform cairns might
have been impossible to find without the use of
the mapping-grade GNSS. The unit was also
light and robust enough to use over rough
terrain and in all weathers.

The work added new monuments to the

record as well as reinterpreting and updating
information on known sites, including more
accurate map positions. It also provided data in
a manner that could easily be interrogated in a
GIS environment alongside a range of other data
sets, allowing new insights into the topographic
setting, form and distribution of barrows on the
Mendip Hills (Fig 11).
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Figure 11

The Early Bronze Age barrows of Black Down, Mendip
Hills, Somerset.




6.6 Survey-grade GNSS survey 12
o

Differential GNSS survey is used when the highest
degree of accuracy and greatest detail is required,
such asin the examples listed below.

[ | A plan at 1:500 or 1:1 000 scale as part of
a Level 3 analytical earthwork survey. As
defined by English Heritage, a Level 3 survey
can also include documentary research,
analysis of historic views and maps,
analysis of aerial photography, including
lidar (if available), and assessment of past
excavations (Ainsworth et al 2007, 23-4)

[ | Permanently marked points for survey
control, fixed to the highest level of absolute
accuracy on the National Grid.

| A digital ground model to create a three-
dimensional representation of the ground
surface or to calculate contours.

Differential GNSS survey needs at least two
survey-grade GNSS receivers logging satellite data
at the same time (Fig 12). One receiver (called

the base) is stationary and logs satellite data

at the same point (called the base station) over
the duration of the survey. The second receiver

is called the rover and, as the name indicates, it
is carried around the site, usually mounted on

a pole, by the surveyor (Fig 13). This captures
satellite data every time the surveyor takes a
point, but the coordinates calculated by the rover
from that data will not be very accurate. The
satellite data for each point surveyed is corrected
from data recorded by the base receiver, thus
improving the accuracy of the points recorded by
the rover. The merging of the on-site base data
and data logged by the rover(s) can be achieved
in the office by post-processing. The closer the
base and rover are to each other the better, and
they must not be any more than 10-15km apart.
This is to ensure that both receivers use the same

area of sky and therefore log data from the same . . . . . .
. . . 12.Diagram illustrating a differential GNSS survey using
group of satellites over the same time period and . .
an on-site base station.

encounter the same errors in satellite reception 13.A differential GNSS survey in progress at Byland
caused by the atmosphere. Abbey, North Yorkshire, using an on-site base
station and rover.
© Historic England, M. Jecock

Figures 12 and 13
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It avoids a lot of work back in the office if the
corrections can be applied to the rover in real
time, which requires the base receiver to be
connected to a radio antenna. This broadcasts
the corrections to the rover, which applies them
instantaneously to achieve the highest relative
accuracy in real time. This is called real-time
kinematic (RTK) differential survey. With an on-
site base station, any number of rover receivers
can be used with the same base station, allowing
a team of surveyors to work on separate parts of
the site at the same time, thus reducing the time
spent in the field. RTK differential survey works
best if a line of sight is kept between the base and
the rover(s) in order to maintain the radio link.
The link is easily lost if radio interference occurs
on the same frequency, or if the line of sight

is lost because of topography or the rover and
base are separated by too great a distance. Radio
reception between the base and rover usually only
extends to a maximum of 2km. If the survey is in
undulating terrain and covers a large area, then
from the outset it is advisable to plan a network
of base stations for RTK differential survey so
that the base receiver can be moved as needed
between stations to secure an uninterrupted radio
link with the rover(s).

RTK survey results in a network of points all
accurately fixed in relation to the on-site base
station, so the resulting survey is relatively
accurate but the value for each pointis not
absolutely accurate in terms of its National
Grid reference, and consequently the result

is described as a divorced survey. There may
be circumstances when it is sufficient to leave
the survey divorced from the National Grid,

for example in some upland areas where the
large-scale OS mapping is derived from legacy
data. In these areas it is common to find that

a feature shown on the map tile and the same
feature surveyed accurately to the National Grid
using GNSS do not align correctly. However,
this problem is less of an issue now because of
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the OS Positional Accuracy Improvement (PAI)
programme completed in 2006. This has produced
a series of link files available to registered users
that can be used to transform the position of
legacy large-scale OS map tiles to improve the
match with points derived from GNSS.

The alternative to a divorced survey is to locate
the GNSS survey as accurately as possible

on the National Grid, and this is always to be
recommended as it means the survey can be
compared with other georeferenced mapping and
analysed alongside other geographic data in GIS
systems. There are a number of ways of doing this.

The location can be established in real time
at the very beginning of the survey by fixing
the position of the base station relative to
OS Net using a mobile phone service. The
receiver should be left for several minutes
to collect data in order to calculate the
most accurate value. Once the base station
point is recorded, the link to OS Net can be
shut down but, because the position of the
base station has accurate coordinates, any
rover data subsequently linked to this base
station will be accurately fixed on to OS
National Grid as well.

Without a licence to access OS Net in real
time, or if the link fails because of poor
mobile phone reception, then the finished
survey can be transformed to fit accurately
on to the OS grid using post-processing
software, because the OS makes all the
satellite data logged by OS Net available

to download for a 30-day period from its
website. Post-processing against RINEX data
from, for example, OS Net requires neither
radio nor mobile phone coverage but has
the disadvantage that the results of the
survey cannot not be viewed before leaving
the site and specialist software is still
needed to compute the resulting positions.
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A third method, and an alternative to having
a base station on site as described above,

is to obtain the differential corrections

for the rover receiver in real time directly
from OS Net. This has the advantage of
speed, as no time is spent setting up a base
station each day and every point surveyed
is accurately fixed on to the OS National
Grid. Difficulties arise if there is poor mobile
phone reception, when it then becomes a
struggle to maintain a reliable link to OS
Net in real time, resulting in loss of accuracy
and slowing down the whole process of
survey. Also, each rover that is linked to OS
Net will require a separate licence from a
commercial operator to access the service,
which could prove expensive if two or three
rovers are to be used at the same time.
Experience has shown that for surveys
lasting longer than a day it is usually more
efficient to establish an on-site base station
tied to the National Grid using OS Net than
to try to work entirely using OS Net and run
the risk of losing differential corrections.

6.7 RTK survey procedures

The first step is to pay a reconnaissance visit to
the site to work out a strategy for the survey. This
should be used to identify areas where GNSS
might not work, typically next to buildings or
among trees, and to work out a plan to deal with
those areas, involving measures such as tape-and-
offset survey to record the details graphically on
to a plot of the overall GNSS survey, or the use of
a TST. Many solutions now incorporate TST and
GNSS measurements more or less seamlessly,
allowing switching between the two point

capture methods at any stage in the survey. The
reconnaissance is also an opportunity to choose

a position for the on-site base station. Ideally the
point chosen should have a clear all-round view of
the sky and be in an elevated position to facilitate
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real-time radio communication with the rover
receiver(s). It should not cause an obstruction and
should be safe from disturbance by inquisitive
passers-by and livestock. The base station needs
to be solidly marked as precisely the same point
will be used on successive days through the
duration of the survey. Finally, it is important to
remember to check the mobile phone reception

if the intention is to fix the location of the base
station accurately using OS Net. This is even more
critical if the plan is to dispense with an on-site
base station all together and use a commercial
network RTK solution based on OS Net for real-
time corrections to the rover.

6.8 Process of survey

Whichever of the methods outlined above is used
to obtain base corrections, the main focus of the
survey is using the rover receiver(s) to create the
survey plan, which on an earthwork site means
paying close attention to the depiction of the
earthworks and, most importantly, to their inter-
relationships, in order to establish a relative
chronology. The aims of this kind of the survey
are the same irrespective of what type of survey
equipment is being used and are described in
detail elsewhere (Bowden 1999, chapters 4 and
5). With GNSS, the rover is used to plot out the
tops and bottoms of individual earthwork slopes,
using different codes from the feature code
library to distinguish between the two. Other
codes are used to survey ‘hard’ details such as
roads, tracks, fences and the outline of buildings,
if satellite reception is not compromised. As the
survey progresses, it is immensely useful to have
a data logger capable of displaying a zoomable
map in real time of what has been recorded, in
order to verify the accuracy of the depiction and
to make sure no parts of the site are omitted. It
should also be possible to review the readings
taken on the data logger and to be able to delete
erroneous points, rather than having to make



notes to do such edits back in the office. Although
itis possible to record earthworks using GNSS
technology at scales larger than 1:500, experience
has shown that the increase in the number of
readings required for accurate map depiction and
the consequent increase in time spent does not
add significantly, if at all, to the understanding

of a site. Also, depending on the area surveyed,

it can create plans that are unwieldy to print out
and too large to publish.

When it comes to areas where satellite reception
is too poor to use the GNSS receiver, one
technique is to lay out a network of pegs as close
as possible to the ‘shadow’ area and survey their
positions using GNSS. These can then be used

as fixed points for a tape-and-offset survey or

for the positions of stations for setting up and
orientating a TST. In the latter case, the TST can

Case Study 3: GNSS survey
of Whitley Castle Roman Fort,
Northumberland

Beginning in November 2007, the former
English Heritage Archaeological Survey and
Investigation team undertook a 1:1 000-scale
survey of Whitley Castle Roman Fort near the
market town of Alston in the North Pennines
(Went and Ainsworth 2013). The survey formed
part of the much larger landscape project called
The Miner-Farmer Landscapes of the North
Pennines AONB.

Because of its remote location, the fort has
survived as a set of well-preserved earthworks
comprising an impressive system of ditches and
ramparts defending an area of about 1.25ha.
The interior of the fort is covered by what at
first glance looks like a bewildering pattern of
slight banks, mounds and depressions within
which few obvious signs of buildings survive
(Fig 14). Further slight earthworks exist beyond
the fort defences. The challenge was to create
an accurate survey of the fort and its immediate
environs, unpicking the relationship between
the earthworks in order to investigate the
development of the site in the Roman period
and after.
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be positioned over one peg and orientated on

to a second peg as a backsight. By inputting the
coordinates for both pegs as recorded by the
GNSS receiver readings, the two datasets can

be seamlessly integrated, especially if the same
data logger is used on both devices. It is then a
case of keeping the same survey file open on the
data logger and swapping the logger between
the GNSS receiver and the TST as required.
However, when integrating GNSS and TST data it
is important to bear in mind that a scale factor
needs to be applied to the TST readings so that
they are projected correctly to match with the OS
grid coordinates logged by the GNSS receiver.

With the survey completed and the file downloaded
and processed, the field teams use hachures to
depict individual slopes. These can be drawn
either digitally in a CAD or graphics package or by

The extent and complexity of the site meant

this survey was going to take several weeks to
complete. Therefore it was decided to establish an
on-site base station rather than rely on real-time
connections to OS Net for differential corrections.
The point chosen was just north of the drystone
wall passing through the north-west rampart,
supplemented by a second base station positioned
on the south-west corner tower, which was also
the highest point on the site. The only drawback
with these positions was that the base stations
could be reached by livestock grazing the fort, so a
watchful eye had to be kept on the animals. Each
base station was marked with a permanent ground
anchor so that the receiver could be set up exactly
on whichever base station was needed to cover

Figure 14

View of Whitley Castle Roman Fort, Northumberland,
showing the slight banks, mounds and depressions
surviving within the fort.

© Historic England, D. Went.



hand in ink on a sheet of drawing film overlaid on
the survey plot. Contours or ground models are
rarely used as the primary method of depicting
an earthwork site at a large scale, as neither
technique delivers the same level of interpretation
that can be achieved by a skilled illustrator using
hand-drawn or digital hachures. Nevertheless,
contours are often needed to show the detailed
topographic setting of a site and ground models
provide a naturalistic representation that can
complement a hachure plan.

To create an accurate representation using
either contours or a ground model requires a
disciplined and systematic approach to data
collection. Large quantities of three-dimensional
points can be collected by walking with a rover
receiver over a site or by driving if the receiver is
mounted on a vehicle. To represent earthworks

the area being surveyed that day. They are also
still available for use if further survey work is
required. Because the two marked points are
intervisible, they could be used as a baseline for
a TST survey, which in turn would be accurately
located on to the OS National Grid as they were
originally recorded using GNSS and OS Net.

While the fort ramparts survive as impressive
earthworks, the much shallower earthworks inside
and outside the fort made little sense at first sight,
but two field archaeologists, each with a survey-
grade GNSS receiver, were able to unpick the pattern
of earthworks to reveal the position of Roman
buildings overlain by a complex of post-medieval
features related to use of the fort as a farmstead
and livestock pens. Disentangling the earthworks
involved detailed mapping with the survey-grade
GNSS receivers, following the top and bottom of
each face of an earthwork. Careful attention was
paid to inputting the feature codes correctly. The
emerging plan on the screen of the controller
linked to each receiver ensured that no part of the
site was missed and that the representation of each
earthwork was accurate (Fig 15a). Sufficient points
were taken during the survey process to create a
digital ground model of the site to be used
alongside the more traditional hachure plan that
was drawn-up from the GNSS plot (Fig 15b).
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accurately, points should be recorded along

the absolute top and bottom of each earthwork
and along significant intermediate breaks of
slope. Points should also be collected at regular
intervals where there are no earthworks, in order
to create an accurate model with an even surface
in these areas. There is a range of software

that can turn the cloud of points into a ground
model. The digital ground models can then

be used to generate contours to demonstrate
the topographic setting of a site or to create a
three-dimensional surface for visualisations and
animations, or for analysis using GIS software

to calculate volumes and investigate slope and
drainage. It might also be possible to resurvey
the same area at intervals to create comparative
models for monitoring surface erosion, although
TST or laser scan data will be more accurate than
using GNSS.
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Figure 15

A. A plot of the interior of Whitely Castle Roman Fort,
Northumberland, as recorded using a survey-
grade GNSS receiver. A red line indicates the top of
an earthwork and a green line the bottom.

B. The same area with the survey lines replaced by
hachures to show the form and interrelationships of
the earthworks more clearly.



7 The Future

Itis difficult to be certain of the exact timescale,
but the next few years will see vastly more satellites
in orbit for use in navigation and survey, with the
continuing expansion of the European Galileo and
Chinese BDS systems and others still in
development. In theory, having more satellites in
the sky should make it possible to survey more
easily in areas with restricted sky visibility,
especially if more sophisticated procedures are
developed to derive accurate readings from poor
satellite geometry. Another practical step thatis
being developed to help push the use of GNSS into
such shadow areas involves integrating the receiver
with other sensors, such as accelerometers, gyros
and laser range finding, in order to cover areas
where satellite reception is lost.

Satellite technology will also advance as older
satellites are replaced and new features
introduced. Chief amongst these is the
introduction of satellites capable of broadcasting
on the new L5 frequency. Several of these are now
in orbit for testing purposes in the GPS and
Galileo constellations, and manufacturers are
producing receivers capable of working with this
new signal. The signal strength of the L5
frequency is four times stronger than that
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currently in use, which should mean that GNSS
will be able to work in areas where the weaker
signals are currently blocked. This could improve
reception under tree cover, for example. It is also
envisaged that L5 will bring down the overall cost
of receivers, with the prospect of much better
accuracy for a lower price. With this in mind,
recent years have seen the development of survey
and GIS apps for smartphones, and it is probable
that these everyday consumer devices will be
used increasingly for collecting survey data for
use in GIS systems with background mapping, and
the survey results stored in a cloud for access as
and when required.

For those with a desire to keep up to date with
developments in GNSS technology, additional
material can be found in a range of subscription
magazines available via the Internet aimed at the
professional surveying, mapping and GIS
communities. These include Geomatics World,
which is the journal of the RICS Geomatics
Professional Group, and GPS World (North Coast
Media, USA). The websites of the main GNSS
suppliers post news about imminent releases of
new equipment, and there are numerous
newsletters and blogs to follow online.
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9 Glossary

Almanac A set of parameters included in the GNSS
satellite navigation message that a receiver uses to
predict the approximate location of a satellite. The
almanac contains information about all the satellites in
a constellation.

Base station A stationary GNSS receiver that serves as
a reference point, providing correction data to a rover
GNSS unit. Correction data can be broadcast via radio
frequency, mobile phone signal or the Internet.

BDS BeiDou Navigation Satellite System. The satellite
navigation system maintained by China.

CAD Computer-aided drawing/design. A term used

to describe graphics packages used primarily in
engineering and design. As these disciplines require a
high degree of precision, they are also ideal for survey
applications.

Coordinate system A pre-defined framework on to
which coordinates can be related.

DOP Dilution of precision. A computed value that
indicates the three-dimensional positional accuracy
of every GNSS point. It can be expressed as a position
DOP (PDOP) for three-dimensional accuracy or a
horizontal DOP (HDOP) for two-dimensional accuracy;
other variants are also used.

ECEF Earth-centred Earth-fixed xyz Cartesian
coordinates.

EDM Electromagnetic distance measurement. This
involves evaluating the signal returned from the target
of a light beam emitted by the EDM unit. EDM is also
applied colloquially to any survey instrument using
this method of distance measurement.
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EGNOS European Geostationary Navigation Overlay
Service. EGNOS transmits a signal containing
information on the reliability and accuracy of the
positioning signals sent out by GPS and GLONASS.

Ellipsoid A three-dimensional geometric figure used to
approximate the shape of the Earth.

ETRS89 The European Terrestrial Reference System
1989. This is the standard precise GNSS coordinate
system used throughout Europe. It is a more precise
definition, fixed in 1989, of the WGS84 coordinate
system.

Galileo The developing European satellite GNSS
constellation.

Geoid A mathematical model of the level surface
that is closest to the mean sea level over the oceans.
The surface is continued under the land and acts

as a fundamental reference surface for height
measurement.

Georeference The physical location of an object or
feature according to a pre-defined coordinate system.
It is used in GIS to describe the transformation of
digital images such as aerial photographs or maps so
that they sit in correct relation to each other within the
chosen coordinate system.

GIS Geographical information system. A system for
capturing, storing, checking, integrating, analysing
and displaying data that are spatially referenced to the
Earth. This normally comprises a spatially referenced
computer database and application software.

GLONASS Global Orbiting Navigation Satellite System.
A satellite navigation system maintained by Russia.



GNSS Global navigation satellite system. The generic
term for satellite navigation systems, including GPS,
GLONASS, Galileo and BDS.

GPS Global Positioning System. Specifically the name
for the satellite constellation operated by the USA,
but also a generic term used to describe surveying or
navigation by reference to a satellite constellation.

Lidar Light detection and ranging. A system that uses
laser pulses to measure the distance to an object

or surface, typically determining the distance by
measuring the time dealy between transmission of

a pulse and detection of the reflected signal. Lidar

is frequently deployed from a plane or helicopter to
create 3-D models of the ground surface rapidly and
accurately to varying degrees of resolution, depending
on post spacing.

National Grid (OSGB36®) The British national standard
coordinate system for OS maps. This is the grid shown
on OS maps and digital data.

ODN Ordnance Datum Newlyn. This is the standard
reference system for measuring heights above mean
sea level across mainland Great Britain. It is measured
relative to a value taken at Newlyn in Cornwall.

0OSGB36® see National Grid

OSGMO02°® Ordnance Survey National Geoid Model
2002. A gravity-derived model used to convert ETRS89
coordinates to OS height datums, eg ODN.

OSTNO02® Ordnance Survey National Grid Transformation
2002. The most recent definitive transformation used
to convert ETRS89 coordinates to OSGB36 National Grid
coordinates. This provides a more accurate resolution
than the previous transformation (OSTN97®).
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OS Net® A network of reference stations throughout
Great Britain maintained by OS. It consists of more than
100 base stations. This network allows users of GNSS to
carry out precise positioning within the National Grid.

RINEX A standard format for the exchange of GNSS data
that can be used by any GNSS-processing software
package.

rms Root mean square. A mathematical term for the
statistical measure of the magnitude of a varying
quantity.

SBAS Satellite-based augmentation system. A satellite
system that works in conjunction with ground-

based stations to supplement GNSS by broadcasting
corrections to the end-user. Examples include EGNQOS,
which covers western Europe, and WAAS, which covers
North America.

Transformation A coordinate transformation that
enables a user to convert from one coordinate system
to another, eg from ETRS89 to OSGB36 National Grid
using the OSTNO02 transformation.

TST Total station theodolite. A theodolite is a tripod-
mounted calibrated optical instrument used to
measure horizontal and vertical angles in order to
determine relative position. On a TST the angles and
distance to surveyed points are recorded digitally.

WAAS Wide-Area Augmentation System. The satellite-
based augmentation system that covers North America.
It is the equivalent of the European EGNOS satellite
system.

WGS84 World Geodetic System 1984. The standard
coordinate system for GNSS data throughout the world.
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