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A irborne light detection and 
ranging (LiDAR) surveys are 
among the most advanced 

means of producing high-resolution, ac-
curate surface elevation models used for 
many applications in surveying and civil 
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Precise Wide-Area Positioning
We used a technique for long-baseline 
differential, off-line positioning, able to 
deliver centimeter precision for ® xed re-
ceivers and sub-decimeter precision for 
moving receivers. This choice was dic-
tated by three considerations: 
n The intended application was the 

geolocation of the data of an airborne 
scanning LiDAR sensor to be used in 
the generation of high-accuracy digi-
tal elevation models (DEM). 

n Off-line processing, where all the 
GNSS data collected during the 
flight are available for processing 
and (as in this case) there is no need 
for immediate results, is intrinsically 
more reliable than real-time process-

ing, where the data are available only 
up to the present epoch, and accurate 
results must be obtained right away, 
with no chance for a second try. 

n Differential processing makes it pos-
sible to resolve the carrier-phase 
ambiguities using well-understood 
methods.
Technique. It is common practice in 

airborne LiDAR surveys to use GNSS 
both to position the instrument precisely, 
and to assist an inertial navigation system 
(INS) to obtain the orientation of the 
aircraft in space, as both position and 
orientation are needed to interpret the 
data properly. FIGURE 1 illustrates the 
relationship between the sensors used for 
airborne LiDAR surveys. The aircraft uses 
a GNSS antenna combined with an INS to 
georeference its trajectory. The bore-sight 
calibration process aligns the individual 
sensor orientations and standardizes the 
range measurements. However, if the 
survey is to achieve the now-expected 
high level of vertical accuracy (6 15 
centimeters, 1 sigma), then the position of 
the GNSS/INS-derived aircraft trajectory 
for each laser swath must be determined 
with a relative precision in the order of 
just a few centimeters. This is achieved 
via differential GNSS post-processing of 
the kinematic airborne data together with 
static observations collected on precisely 
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The use of a precise wide-area positioning technique for airborne trajectory solutions for LiDAR surveys provides 
both relative and absolute accuracies similar to those derived from using a local GNSS reference station.
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surveyed ground reference stations. The GNSS positions are then 
blended with high-frequency measurements taken by the onboard 
INS to produce the final trajectory and reference orientations.
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Airborne Tests
This study has used data from two airborne LiDAR surveys 
conducted by the NSW Land and Property Management Au-
thority (LPMA) in June 2009. The ® rst took place near the 
township of Glen Innes, and the second was a bore-sight cali-
bration  ̄ight near the city of Bathurst. F!."3!+&"X-TDR"#$.4
;'0#*"+&'"/!11!9-(:"),+,"9'.'",%?$-.')G
n Aircraft trajectory, raw dual-frequency GPS (1 Hz) and 

IMU data (200 Hz).
n LiDAR (raw return data for each laser pulse).
n GPS reference station data from local receivers and mul-

tiple CORSnet-NSW sites.
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Bathurst Test. [,+&$.#+"D-.<!.+"-#"XWYDL#"X-TDR"%,1-3.,4

 FIGURE 1 Airborne LiDAR reference frame.
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Effect on LiDAR Data
Rather than simply comparing aircraft trajectories, this study 
aimed to determine what effect the use of wide-area GNSS 
positioning has on the actual LiDAR point data and associated 

elevation surfaces. In terms of the horizontal accuracy required 
for LiDAR surveys, initial tests showed that the differences be-
tween the horizontal positions of various trajectories was neg-
ligible; therefore, only the vertical component was considered 
in this analysis.

G"$ I,'# !.-$ (!J$&+&#/&%$ ;& 8&&#$ L!E4R$ (' '$ 0&#&+' &($
.+"A$ +'j&/ "+!&%$,%!#0$*'+!",%$/"A;!#' !"#%$".$(!% '# $<=>>$
+&.&+&#/&$%! &%7$8&$'22:!&($.",+$ -2&%$".$'#':-%!%K
n Comparison of trajectories Ð directly compare the 

locally computed trajectory (assumed to be truth) with 
each wide-area derived trajectory.

n Relative LiDAR point comparison Ð compare the posi-
tions for a sample of LiDAR ground points derived from 
the locally computed trajectory with those derived from 
each wide-area derived trajectory.

n DEM comparison Ð difference the raster surfaces 
derived from the locally computed trajectory and a wide-
area derived trajectory to find the effect over a LiDAR 
run.

n Absolute LiDAR ground control comparison Ð com-
pare the LiDAR derived surface from various trajectories 
to the surveyed ground control (Bathurst Calibration test 
site only). This also involves vertically shifting the result-
ing surface so that its offset relative to the one used as 
control is zero, thus removing the effect of using different 
reference frames for the GNSS trajectories and the con-
trol surface.

Trajectory Comparison
The comparison between the locally determined and each 
wide-area derived trajectory was made along the entire trajec-
tory for each  ̄ight. The importance of this step lies in the as-
sumption that all LiDAR data are directly positioned from the 
trajectory and so any systematic effect in the trajectory should 
be re ̄ected on the ground. For each test site the locally derived 
solution is assumed to be ªtruthº with the vertical difference 
computed against wide-area solutions for each combination of 
reference stations used (TABLE 1).

The ºITº Software
n Runs under Windows, Unix, Linux, and FreeBSD.
n Source code compatible with most Fortran compilers .
n Follows the IERS 2003 conventions.
n Available mainly for collaborative research purposes, with a 

Free Software Foundation General Public License.
Type of solutions:
n Recursive, post-processing (Kalman filter + smoothing).
n Kinematic and static.
n Stop-and-go for rapid mobile surveys with pre-surveyed way-

points.
n Differential, precise point positioning, mixed mod e (precise 

differential + point positioning).
Data corrected for: Earth tide, neutral atmosphere radio signal 

delays, carrier phase windup, and so on.
Estimated parameters: 
n Receiver position in the IGS05 reference frame, wi th the 

WGS84 reference ellipsoid, earth spin-rate, light speed, GM 
constant.

n Biases in ionosphere-free carrier-phase linear combination 
(ªfloatedº ambiguities).

n Neutral zenith delay correction error.
n Broadcast orbit errors (allows precise differential near-real 

time solutions).
n Integer ambiguity resolution available in differential mode, 

with short baselines up to 20 kilometers (in minute s), and 
baselines of unlimited length (in tens of minutes Ð  or just 
minutes, with a precise ionosphere correction).

  FIGURE 2 Glen Innes survey of June 9, 2009, showing the 
distribution of reference stations with baseline le ngths and the 
survey area with (numbered) flight runs.

  FIGURE 3 Bathurst test of June 16, 2009, showing the distri bu-
tion of reference stations with baseline lengths an d the survey 
area with (numbered) flight runs.
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 TABLE 1 GNSS reference station combinations used in each 
test area.

 Glen Innes Bathurst Calibration
GND1 (the local solution) AIR2 (the local solution)

BALL/GFTN BALL

WGGA/NWRA BALL/GFTN

DBBO/WGGA/NEWC

WGGA

WGGA/GLBN/NEWC

 FIGURE 5 Trajectory elevation differences for entire Bathur st 
calibration flight

 FIGURE 4 Trajectory elevation differences for entire Glen Innes 
flight.
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Relative Comparison
Regardless of the trajectory and orientation used to georefer-
ence LiDAR data, the same number of points will be created. 
It is therefore possible to create a LiDAR dataset using the 
same raw LiDAR data but different GNSS trajectories, and 
compare the results to determine the relative positioning dif-
ferences on the ground.
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Glen Innes Test Run 002. S$ #$3'(2/%"#,#!1$4#"1 +($B+ ,$
TV$(%,2/#$%+#%($>TDVKI$2 '!1(?$%+#$(5,,%+'z#3$ '!$TABLE 2D$
.#'!&$2 '!1($" ,251#3$5('!&$1)#$1* $*'3#A%+#%$( /51' !($" ,A
2%+#3$*'1)$1)#$/ "%//0$3#+'4#3$( /51' !$5('!&$+#B#+#!"#$(1%1' !$
;=7H6$= 1#$1)#$)'&)$%""5+%"0$%")'#4#3$'!$1)#$%//$',2 +1%!1$
4#+1'"%/$" ,2 !#!16

Bathurst Test Run 7. S$ #$ 3'(2/%"#,#!1$ 4#"1 +($ B+ ,$ KJ$
(%,2/#$%+#%($>HDPII$2 '!1(?$%+#$(5,,%+'z#3$'!$TABLE 3D$.#'!&$
2 '!1($" ,251#3$5('!&$1)#$®$4#$*'3#A%+#%$( /51' !($" ,2%+#3$
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DEM Comparison
To investigate how the LiDAR surfaces derived from each tra-
jectory compare across the entire data swath, we created raster 
surfaces from the LiDAR point data. Each surface was then 
subtracted from the local solution to create a difference sur-
face. Visual inspection and interpretation was then used to 
discern any patterns or effects. 
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Absolute LiDAR Comparison
Ground control points serve two purposes in a LiDAR survey: 
n The calculation of statistics to describe vertical accuracy, 

that is, quantifying the match of the surface to the local 
height datum.

n The calculation of a surface adjustment to enable trans-
formation of the LiDAR points to fit the local height 
datum.
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Surveyed Ground Control. S$ #$%'+2 +1$+5!*%0$"#!1#+/'!#$
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 TABLE 2  Displacement vectors for each combination relative to the 
local solution for Glen Innes run 002 (values in meters).

GNSS Reference Station Min. Max. Average Std. Dev.
BALL/GFTN
(average 200 km baseline)

East -0.008 0.029 0.011 0.008

North -0.027 0.018 -0.004 0.011

Vertical 0.004 0.045 0.025 0.009

WGGA/NWRA
(average 600 km baseline)

East -0.050 0.024 -0.017 0.021

North -0.106 0.083 -0.018 0.057

Vertical -0.050 0.001 -0.024 0.014

 TABLE 3 Displacement vectors for each combination relative to 
the local solution for Bathurst Calibration run 7 (values in meters).

GNSS Reference Station Min. Max. Average Std. Dev.
BALL
(626 km baseline)

East -0.013 -0.005 -0.009 0.002

North -0.034 0.012 -0.012 0.013

Vertical -0.031 -0.003 -0.020 0.008

BALL/GFTN
(average 570 km baseline)

East -0.009 0.002 -0.004 0.002

North -0.036 0.007 -0.015 0.011

Vertical -0.048 -0.014 -0.037 0.008

DBBO/WGGA/NEWC
(average 220 km baseline)

East -0.035 -0.026 -0.031 0.002

North -0.031 -0.002 -0.016 0.008

Vertical -0.020 0.017 -0.008 0.009

WGGA
(280 km baseline)

East -0.024 -0.009 -0.018 0.004

North -0.028 0.000 -0.014 0.006

Vertical -0.027 0.015 -0.016 0.010

WGGA/GLBN/NEWC
(average 210 km baseline)

East -0.006 0.004 -0.002 0.002

North -0.029 0.003 -0.015 0.009

Vertical -0.020 0.017 -0.009 0.009
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 FIGURE 6 Subtraction surface for Bathurst 
Calibration run 7 (AIR2 vs. BALL).  FIGURE 7 Trajectory comparison for Bathurst Calibration run 7 (031318).

 FIGURE 8 Runway vertical profile at the 
Bathurst Airport calibration site.
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Conclusions
A precise wide-area positioning technique for airborne trajecto-
ry solutions provides both relative and absolute accuracies simi-
lar to those derived from using a local GNSS reference station. 
Irrespective of which reference sites are used and once calibra-
tion and antenna modeling issues are addressed, the absolute 
comparison with ground control is well within the required 
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Manufacturer
NovAtel's WayPoint GrafNav software (www.novatel.com) was 
used for comparison purposes.  c
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 FIGURE 9 Comparison of LiDAR surface and ground control 
points.

 FIGURE 10 Usual operational comparison of LiDAR surface and 
ground control points.

 TABLE 4 Comparison of LiDAR surface against ground control 
points (all values in meters).

Trajectory Mean Min. Max. RMSE
AIR2 (commercial software) 0.008 -0.074 0.097 0.034

AIR2 -0.102 -0.177 -0.002 0.106

BALL -0.102 -0.177 -0.002 0.106

BALL/GFTN -0.117 -0.191 -0.015 0.122

DBBO/WGGA/NEWC -0.089 -0.161 0.009 0.094

WGGA -0.098 -0.170 0.000 0.103

WGGA/GLBN/NEWC -0.090 -0.164 0.008 0.096

 TABLE 5 Comparison of block-shifted LiDAR surface against 
ground control points (all values in meters).

Trajectory Mean Min. Max. RMSE
AIR2 (commercial software) 0.000 -0.082 0.089 0.033

AIR2 0.000 -0.075 0.100 0.032

BALL 0.000 -0.075 0.100 0.032

BALL/GFTN 0.000 -0.074 0.102 0.032

DBBO/WGGA/NEWC 0.000 -0.072 0.098 0.032

WGGA 0.000 -0.072 0.098 0.032

WGGA/GLBN/NEWC 0.000 -0.074 0.098 0.032


