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ABSTRACT:

In this paper we discuss Precise Point Positioning (PPP) as an aid for INS. We describe the integration using both loose and tight
coupling, i.e. integration at either the position/velocity level, or at the observation level. The relative performance of these integration
strategies are discussed in the context of PPP. We discuss operational aspects of PPP/INS compared to other means of INS aiding. We
present initial results from airborne and land-based surveys using the TerraPOS software, developed by TerraTec AS, Norway. The
performance is validated using NavLab, an independently developed INS software by the Norwegian Defence Research Establishment.

1 INTRODUCTION the autonomous nature of INS, and integrated PPP/INS thus pro-
vides a competitive means for accurate, self-contained direct geo-
Precise Point Positioning (PPP) requires only a single Globateferencing.
Navigation Satellite System (GNSS) receiver for accurate posi-
tioning, based on undifferenced code phase, carrier phase aidhas been shown (e.g. Petovello, 2003) both theoretically and
Doppler observations together with precise ephemerides aneimpirically that tightly coupled differential GNSS/INS has supe-
satellite clock corrections (e.g. Zumberge et al., 1997; Kouba andor integrity and error detection capabilities compared to loosely
Heroux, 2001). coupled differential GNSS/INS. It is expected that tightly cou-
pled PPP/INS will share this property. Compared to tightly cou-
The global nature of precise ephemerides and satellite clock copled differential GNSS/INS, tightly coupled PPP/INS will have
rections means that the PPP technique itself is also global. It wilho limitations in coverage imposed by the need for ground sta-
have homogeneous accuracy, and does not suffer from any of thizns, and compared to loosely coupled PPP/INS, the vulnerabil-
distance-dependent limitations inherent in differential GNSS sysity to signal outages should be reduced.
tems. The independence of ground infrastructure may pose huge
logistical and operational bene ts. In this paper we discuss tight and loose GNSS/INS integration
) L ) ) in the context of PPP. Two different data sets and dynamic envi-
An Inertial Navigation System (INS) is a self-contained systemy;,ments are used for validation and an initial assessment of the
consisting of an Inertial Measurement Unit (IMU) and a naviga-T¢rrapos software. We present results from a typical airborne
tion computer (Jekeli, 2001). Usually equipped with acceleromerission, with reasonably good GNSS conditions. We also assess
terand gyro triads, the IMU gives precise measurements of accelpe performance for accurate car navigation, in an environment

erations and angular rates. By integrating these measurements, 3o signi cant GNSS outages and signal degradation were ex-
INS provides position, velocity and attitude of the platform. The perienced.

combination of any uncompensated sensor biases and integra-
tion represents highly unfavorable error propagation conditions,

yielding poor stand-alone long-term performance. By aiding the 2 PRECISE POINT POSITIONING
INS with external measurements related to one or several of the

system states, INS errors can be estimated and corrected for, eég. .
by using a Kalman Iter. The aiding measurements can be pro- umberge et al. (1997) demonstrated sub-centimeter accuracy

cessed in a separate Iter and included in the INS lIter in the form fOF Static PPP. Since then, a large number of kinematic appli-

of e.g. position and velocity observations, so-called “Iooselycat'ons have been investigated, e.g. precise orbit determination

coupled” integration. Alternatively, aiding measurements, e.g(€:9- #99i et al., 2007), airborne positioning (Zhang and Fors-

GNSS range observations, may be included directly into the IN®€"9» 2007) and marine positioning (e.g Kjersvik etal., 2006), all
lter, so-called “tightly coupled” integration. with decimeter accuracy or better.

In airborne photogrammetry, and other kinds of remote sensinglhe use of undifferenced GNSS range observations means that a
three dimensional position and attitude of the sensor must be déarge number of error sources must be taken into consideration.
termined in order to correctly place the sensed objects in a refeMany of these error sources have only negligible impact when
ence frame. When this is achieved without any prior knowledgeusing differential processing techniques. Some relevant geophys-
of the sensed objects locations, e.g. no ground control points etdGal effects include e.g. solid earth tide and loading displacements
this process is often referred to as “direct georeferencing“. and atmospheric effects. In addition, a Iarge number of hardware-

related effects must also be considered, e.g. satellite and receiver
For more than a decade, differential GNSS aided INS has been the@rdware biases and receiver and satellite antenna phase center
working horse for applications demanding direct georeferencingvariations. In order to properly apply corrections for satellite an-
During the last few years also PPP coupled with INS has been utienna effects and the polarization of the signal, the satellite atti-
lized for this purpose. Contrary to differential GNSS, PPP sharetude must also be carefully modeled.



Precise ephemerides and satellite clock corrections are a prereg- 4 SOFTWARE
uisite for achieving centimeter accuracy, but are fortunately freely

available from e.g. the International GNSS Service (IGS) forg4 1 TerraPOS

post-processing purposes (Dow et al., 2005).

lonospheric effects can be virtually eliminated by forming proper T he TerraPOS software (e.g. Kjersvik et al., 2009) is developed
linear combinations of dual-frequency observations. Due to th®Y TeraTec AS, Norway. The PPP-module has been commer-
presence of uncalibrated hardware biases in both satellites and fgi2lly available since 2006, and has been successfully applied

ceivers, initial phases etc., reliable ambiguity resolution for kine-n Virtually all parts of the world. Applications range from e.g.
matic PPP is currently not feasible. snow-cat missions in the Antarctic, via seabed mapping, to air-

borne LIDAR surveys.
The simultaneous estimation of receiver clock biases, residual
tropospheric delay and carrier phase biases leads to a system tfidte development version of TerraPOS may be run in one of three
may require 10—20 minutes of fairly continuous data for reasonmodes:
able convergence. Frequent partial or total signal outages with
corresponding re-initialization of the carrier phase bias estimates
may thus lead to reduced performance. GNSS mode, Precise Point Positioning,

From a user perspective, the huge bene t compared to differen-  GNSS/INS mode, tightly coupled PPP mode,

tial techniques is the autonomous nature of PPP. This exibility

allows operations to be executed without considering the cover-  INS mode, loosely coupled mode.

age of ground infrastructure such as base stations or reference

services. On the other hand, PPP used for high accuracy applica-

tions demands long, more or less uninterrupted series of carrigrhe latter is a generic mode in which any position and velocity
phase observations. This might give rise to a need for speci@ource may be used to aid the INS, e.g. a PPP trajectory from
arrangementsl e.g. ensuring reliable power Supp|y to the equia:errapos, or a differential GNSS solution from a 3rd party soft-
ment. It may also place limitations on the operation, e.g avoidware.

ing large aircraft bank angles, or for land and sea applications,

keeping clear of areas where frequent signal blockage must bEerraPOS uses state-of-the-art models to correct for all relevant
expected. geophysical and hardware-related effects. The software imple-

ments the conventions and recommendations of the International
Earth Rotation and Reference Systems Service (IERS) and IGS,
thereby making full use of the accuracy of the clock and eph-
_emeris products of the IGS. In essence, this provides the user
The INS Kalman lter can be formulated as a complementary | with access to the globally available high-quality and long-term

ter, where the aujmg sensors obsgrve the errors of thg INS. Th able reference frames of the IERS, the International Terrestrial
INS error dynamics can be approximated by a set of d'ﬁerent'aizeference Frame (ITRF)

equations (Jekeli, 2001). The error dynamics and the functional
relation between aiding measurements and system error stat
together form the basis of the Kalman Iter and smoother (e.g
Gelb, 1974).

3 AIDED INERTIAL NAVIGATION

T&rraPOS uses an optimal Kalman Iter and smoother combina-
‘tion for estimation of the navigation and sensor bias states.

GNSS positions used as an INS aid contain stochastic signals thdt2 NavLab

are the complex result of a plethora of underlying errors. Design-

ing a near-optimal model to be used in the Kalman Iter can beNavLab (Navigation Laboratory) is developed by the Norwegian
very challenging. In the case of GNSS position aiding, no aid-Defence Research Establishment and is a versatile tool intended
ing will be available if the number of satellites drops below 4. In for navigation system research and development (Gade, 2004).
practical life a minimum of 6—7 satellites is desired. The main emphasis during the development has been a solid the-

oretical foundation with a stringent mathematical representation,

Tightly coupled systems demand a more complex software dé, engyre that statistical optimality is maintained throughout the
sign, with the potential of having a very high number of system ntire system.

states. The advantage is that even a single GNSS satellite will

provide valuable aiding to the system. Observation errors can bRy ap consists of a simulator part and an estimator part. Sim-
modeled per satellite and observable in the range-domain. Thesg,iions are carried out by specifying a trajectory for the vehicle,
models are more easily implemented, and have a sounder thegn the available types of sensors. The output s a set of simulated
retical foundation based on the actual physical processes be'%nsor measurements. The estimator partis a exible aided iner-
observed. tial navigation system, which makes optimal Kalman Itered and

In the case of frequent partial or total satellite outages, prope?moomed estimates based on the available set of measurements.

convergence of a pure GNSS system might not be reached. Thide measurements can be either from the Simulator or from real
problem is most prominent for PPP due to the weaker observabifensors of a vehicle. This structure makes NavLab useful for a
ity, but also poses great challenges for reliable ambiguity resoluvide range of navigation applications, including research and de-
tion in differential GNSS applications. A tightly coupled VEloPment, analysis and post-processing of real data.
GNSSI/INS (either PPP or differential) may enhance the conver-

gence of the GNSS-parameters by bridging the GNSS outages.smce the development started in 1998, NavLab has been used
extensively by research groups, universities, commercial compa-

The introduction of tightly coupled PPP/INS could enable the usenies, and the military. High accuracy has been proven for a va-
of PPP in applications now deemed unfavorable, such as aerialety of applications. Vehicles navigated include AUVs, ROVs,

operations with extreme bank-angles, or land operations in areahips, aircraft, helicopters and cars. Commercially, NavLab has
where signal blockage must be expected. provided the positioning for more than 30 000 billed survey hours.



5 RESULTS 58.52
In order to validate the implementation and performance of Ter- 585 |
raPOS, two different test cases were investigated.
5.1 Instrumentation 58.48 A
The IMU speci cations are listed in table 1. The speci cations S
are based on experience with the particular sensors and corre- < 5846 1
sponds to the settings used in the processing. The numerical val- kS
ues may deviate from those provided by the respective manufac- T g4 ]
turers.
LN200 HG9900 58.42 1
Manufacturer Northrop Honeywell
Grumman o84 |
Gyro technology Fiber optic Ring laser 135 13.55 136 13.65 13.7
Acc. technology MEMS Pendulous Longitude [deg]
pendulous . . .
. p— p— Figure 1: Trajectory of the airborne test data.
Gyro noise 0.1= h 0.006 = h
Gyro bias repeatability 0.5 =h 0.003 =h
Gyro bias variation 0.3 =h 0.01 =h : : : : : : : : :
Gyro bias time constant 30s 600 s 20t “M ‘H ‘ ‘N\ | (1 o r ey
Gyro scale factor rep. 30 ppm 5 ppm B w,n | ‘ f m M ‘ N
: p— p— g 9 ‘T\u‘ UN Vi %\ %N ﬂ\mrm el N«" JM i ‘
Acc. noise 100 g= Hz 15 g= Hz £ 1 L uu |
Acc. bias repeatability 1000 g 100 ¢ ® aof W L*J W W w U w ‘ ‘
Acc. bias variation 200 ¢ 100 ¢ -s0f- ” 1
ACC blas tlme ConStant 1800 S 1200 S ;6:05:00 10:1‘0:00 10:1‘5:00 10:2‘0:00 10:2‘5:00 10:3‘0:00 10:3‘5:00 10:4‘0:00 104‘5 00 105‘0 00 105‘5:00 11 0‘0:00 11:05:00
Acc. scale factor rep. 500 ppm 100 ppm Tmem

Figure 2: Attitude of the airborne test data.

Table 1: IMU speci cations.

The LN200 represents a typical sensor used in many direct geo-
referencing applications, with a reasonable cost/performance *

trade-off. The HG9900 is a high-end sensor.
5.2 Case A: Airborne platform

An airborne mission over southern Sweden is used in this cas
The aircraft was tted with two different GNSS receivers sharing
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the same antenna, and an LN200 IMU (cf. table 1). The total -

duration of this ight was 5 h 15 min. The entire ight was be
used for the PPP processing, while only the part in the vicinity
of the reference stations was used for the differential processing.
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Comparisons will hence be limited to this part of the ight, lasting
1 hintotal. Figure 1 shows the trajectory, with attitude in gure 2.
The altitude was fairly constant at approximately 600 m during
the period analyzed.

Figure 3: Position differences between PPP and the differential
GNSS solution for the airborne test data.

5.2.1 Differential GNSS processing. A differential GNSS

trajectory was established using one of the airborne receivers, lo- Mean Std. dev.
O o0 PO AN  COMMET, 16
' Longitude -0.001 m 0.010 m
5.2.2 PPP processing. In order to verify the PPP solution, a  Height 0.003m 0.027 m
GNSS trajectory was computed by TerraPOS in PPP-mode. ToNorth velocity -0.001 m/s 0.042 m/s
ensure some independence of the differential solution, the secondEast velocity 0.001 m/s 0.035 m/s
GNSS receiver was used. Differences between the PPP solutior\ertical velocity 0.002 m/s 0.129 m/s

and the differential GNSS solution are shown in gure 3, and
summarized in table 2. Table 2: Statistics of differences between PPP and the differential

5.2.3 TerraPOS INS validation. In order to validate the Ter- GNSS solution for the airborne test data.

raPOS INS implementation, data from the LN200 and the differ-

ential trajectory were processed using both TerraPOS and Nak.2.4 PPP/INS in tightly vs. loosely coupled mode. The -

Lab, with settings as identical as possible. The position differnal test for the airborne data assesses the performance of tight
ences are shown in gure 4, the attitude differences are shown ins. loosely coupled PPP/INS using TerraPOS. The differences
gure 5, and all results are summarized in table 3. between the solutions are shown in gure 6 and table 4.



ol EZQF Mean Std. dev.
or 1 Latitude 0.000 m 0.010 m
T 005" 1 Longitude 0.002m 0.009 m
P oo Height -0.005 m 0.006 m
5 oosf 1 North velocity 0.000 m/s 0.001 m/s
o1l l East velocity 0.000 m/s 0.001 m/s
sl Vertical velocity 0.000 m/s 0.001 m/s
. ‘ ‘ ‘ ‘ ‘ ‘ Roll 1% 4%
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Heading 900 10%

Figure 4: Position differences between TerraPOS vs. NavLab in
loosely coupled GNSS/INS mode for the airborne testdata.  1ape 4: Statistics of differences between the loosely and tightly
coupled PPP/INS for the airborne data.
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ol e Only modest roll and pitch were experienced during the test.
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Figure 5: Attitude differences between TerraPOS vs. NavLab in
loosely coupled GNSS/INS mode for the airborne test data. 59.66
59.659
59.658 |
Mean Std. dev.
. 59'65170 77 10975 10‘78 10‘785 10.79
Latitude 0.000 m 0.013m ' "7 Longitude [deg] '
Longitude 0.000 m 0.014m
Height -0.001 m 0.007 m Figure 7: Car trajectory, covering approximately 1 km x 1 km.
North velocity 0.000 m/s 0.002 m/s
East velocity 0.000 m/s 0.002 m/s
Vertical velocity O.OOOOrOn/ S O'OO%Om/ S The PPP processing utilized the rst 2 h of the data to allow for
R_°" 8 00 1500 some convergence, with results from the rst hour being used to
P'tCh_ -19 00 1600 compute the performance metrics. The environment is a mixture
Heading -13 34 of open elds, some nearby building as well as lots of vegetation

and large trees in residential areas.

Table 3: Statistics of differences between TerraPOS and NavLab

using loosely coupled GNSS/INS for the airborne testdata. ~ 5.3.1 TerraPOS INS validation. The rst test is a validation

of the TerraPOS INS implementation. A differential GNSS solu-

— Norh tion was computed by the use of a local reference station in the

Boun middle of the test area and a commercially available software.

1 Only epochs with reliably xed carrier phase ambiguities were

oo , ] retained for further use. Data from the LN200 and the differen-
S =S el LS AR tial trajectory were processed using both TerraPOS and NavLab,

008~ 1 with settings as identical as possible. The position differences are

o1k 1 shown in gure 8, the attitude differences are shown in gure 9,

and all results are summarized in table 5.

Difference [m]

-0.151-

71%0000 IO“O:OO 102‘000 |0:3‘0:O(?nme[un10:4‘0200 10:5‘0.00 11:0‘0:00 11:10:00 532 Reference traJectory The reSUItlng posltlons Were
used to aid the HG9900 IMU in a loosely coupled processing in
Figure 6: Position differences between loosely coupled PPP/IN§avLab. Due to the superiority of the HG9900 over the LN200,
and tightly coupled PPP/INS for the airborne test data. this reference trajectory is considered suitable both for a valida-
tion of the TerraPOS implementation, and to give indications of
the PPP solution quality.
5.3 Case B: Car navigation
5.3.3 PPP solution. TerraPOS was used to compute a PPP so-
The IMUs and GNSS antenna were mounted on a rigid stegltion. Results from comparison with the reference trajectory are
frame. The body-frame coordinates of the sensors were estaBhown in gure 10 and table 6.
lished by close-range photogrammetry. The frame was mounted
on a car driving along the approximately 1 km x 1 km route shown5.3.4  Loosely coupled PPP/INS. TerraPOS was used to com-
in gure 7. The height varied only a few meters along the route.pute aloosely coupled PPP/INS solution using the LN200 and the



T e Mean Std. dev.

Along track 0.012m 0.299m

- Cross track -0.003 m 0.313m

{fome L Bty Vertical -0.520 m 0.590 m
: V W 1 Along track velocity 0.008 m/s 0.063 m/s
1 Cross track velocity 0.000 m/s 0.045 m/s
o8 N ] Vertical velocity -0.003 m/s 0.067 m/s

iwhooo T Trmoss wmsoo e oo meen  wwo  Table 6: Statistics of differences between PPP and the reference

Time [UT]

trajectory for the car test.
Figure 8: Position differences between TerraPOS with differen-
tial GNSS aiding and the corresponding trajectory computed with
NavLab. Shaded areas denote periods without GNSS aiding.
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PPP/INS and the reference trajectory for the car test.
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Figure 9: Attitude differences between TerraPOS with differen- ‘ . ‘ Foll-
tial GNSS aiding and the corresponding attitude computed with "' Heaging
NavLab. ~
% H‘\ M} ‘ ‘ \““‘ ‘\i”“u“u‘ “Hm"‘wu‘ il “\M ‘H“H“H n U‘H“\w
Mean Std. dev. 2 o0
Along track 0.020 m 0.139m
Cross track 0.003 m 0.096 m or
Vertical -0.002 m 0.030 m %000 11000 12000 1_1:3‘0:00 4000 5000 12:00:00
Along track velocity 0.000 m/s 0.005 m/s e
Cross track velocity 0.000 m/s 0.005m/s  Figure 12: Attitude differences between loosely coupled
Vertical velocity 0.000 m/s 0.001 m/s  PPP/INS and the reference trajectory for the car test.
Roll -500 16
Pitch 4% 15%
Heading 64% 51% Mean Std. dev.
Table 5: Statistics of differences between TerraPOS and NavLabAlong track 0.025m 0.292m
in loosely coupled GNSS/INS mode for the car test. Cross track -0.002 m 0.304 m
Vertical -0.516 m 0.562m
—— ongrinack Along track velocity -0.001 m/s 0.013 m/s
b | Vertcal Cross track velocity 0.000 m/s 0.006 m/s
T i Vertical velocity 0.001 m/s 0.006 m/s
£ \ Roll 30 17%
g Pitch 0% 21%
5 o5 Heading 26 104%°
oy Table 7: Statistics of differences between loosely coupled
‘ ‘ PPP/INS and the reference trajectory for the car test.
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LN200. The results from comparison with the reference trajec-
Figure 10: Position differences between PPP and the referenggry are shown in gures 13-14 and table 8.
trajectory for the car test.

6 CONCLUSIONS AND FUTURE WORK

PPP solution described above. Results from comparison with the

reference trajectory are shown in gures 11-12 and table 7. We have discussed loose and tight integration of PPP for INS
aiding.

5.3.5 Tightly coupled PPP/INS. In the nal run, a tightly

coupled PPP/INS solution was computed using TerraPOS and thehe INS implementation in TerraPOS has been veri ed by com-
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igation aid in the car navigation test. Further navigation aids
should be considered in a future study, e.g. zero velocity updates,
odometers, attitude aiding with multiple GNSS antennas etc.

Although not prominent in this airborne data set, the advantages
of a tight coupling should be evident when analyzing more prob-
lematic data sets, e.g. with extreme banking.

Both experiments with medium-accuracy IMUs indicate accura-
cies at the level of 0.5 arc min for roll and pitch, and around
1 arc min for heading.

Figure 13: Position differences between tightly coupled PPP/INSNo GLONASS data was considered in this study, due to the cur-

and the reference trajectory for the car test.
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Figure 14: Attitude differences between tightly coupled PPP/INS
and the reference trajectory for the car test.

L
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Time [UT]

L
11:50:00 12:00:00

Mean Std. dev.

Along track 0.022 m 0.195m
Cross track -0.012 m 0.192m
Vertical -0.268 m 0.243m
Along track velocity 0.002 m/s 0.005 m/s
Cross track velocity 0.000 m/s 0.005 m/s
Vertical velocity 0.000 m/s 0.004 m/s
Roll 1% 15%
Pitch 0% 18%°
Heading 19% 5300

Table 8: Statistics of differences between tightly coupled
PPP/INS and the reference trajectory for the car test.

paring the results from two experiments to results from NavLab,
an independently developed INS software with a proven record
for both research and commercial applications.

The airborne experiment indicates that PPP/INS solutions have ability.

comparable accuracy to differential GNSS/INS solutions. No sig-
ni cant differences between loosely and tightly coupled PPP/INS
can be found in the current test data (cf. gures 11-12 and ta;
ble 7). PPP is likely very suited for many airborne direct geo-
referencing applications. Using a medium-accuracy IMU, like in
this experiment, sub-decimeter accuracies can be expected.

The car experiment highlights the dif culties of PPP in environ-
ments with frequent GNSS outages. The outages prevent prop

rent lack of high-rate clock corrections for GLONASS satellites.
Additional satellites impact both the availability and precision of
the GNSS solution, and will improve the PPP convergence.
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