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1. INTRODUCTION

Obtaining sensor orientation by direct measurements is a rapidly emerging mapping
technology. Modern GPS and INS systems allow for the direct determination of
platform position and orientation at an unprecedented accuracy. In airborne surveying,
aircraft trgjectory and platform orientation can be determined at the level of few cm
and 20-30 arcsec, respectively at an almost continuous time scale. The use of such
integrated GPS/INS systems offers immediate benefits for large-format camera-based
airborne surveying by substantially reducing the need for ground control and by
basically eliminating aerial-triangulation, except for system calibration. For emerging
sensors such as LIDAR, RADAR, multi-/hyperspectral imagers, however, the use of
the direct orientation systems is mandatory since indirect methods such as control
point-based aerial-triangulation are not feasible. ODOT Aeria Engineering has been
operating an airplane with a large-format Zeiss Jena LMK2000 camera. The
introduction of a modern GPS/INS-based direct orientation system was not only
highly desirable for economic reasons, but also mandatory if ODOT wanted to keep
up with technological developments. Since ODOT predominantly performs corridor
surveys over the highway infrastructure, the use of direct orientation makes it even
more attractive in this case, since the savings due to the elimination of control points
are quite substantial. By establishing a GPS/INS-based direct orientation technology
for ODOT aerial operations, the foundations was given for future imaging sensor
extensions such as the introduction of LIDAR systems or the like.

2. RESEARCH OBJECTIVES

The primary objectives of thisresearch project were as follows:

» To augment the existing airplane sensor configurations with a commercially
available GPS/INS system (Applanix POSAV),

* To carry out test flights to benchmark the performance of the POS system
against AIMS GPS/INS,

 To perform the extended quality assurance analysis based on the above
mentioned airborne test with multiple sensors,

 To consult ODOT personnel in GPS/INS technology/data acquisition and
processing,

» To consult ODOT personnel on future developments such as the introduction
of high-resolution digital cameras (CCD), LIDAR systems, etc.

3. GENERAL DESCRIPTION OF RESEARCH

Sensor orientation, also called image georeferencing, is defined by a transformation
between the image coordinates specified in the camera frame and the selected
mapping reference frame. This process requires knowledge of the camera interior and
exterior orientation parameters. The interior orientation (10), i.e.,, principa point
coordinates, focal length and lens geometric distortion characteristics are only
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concerned with the modeling of the camera projection system, and are provided by the
camera calibration procedure (traditionally, analog cameras are laboratory-calibrated,
while digital cameras are caibrated using well-defined indoor or outdoor calibration
ranges). On the other hand, the exterior orientation parameters (EOP) directly define
the position and orientation of the camera at the moment of exposure. In traditional
airborne surveying, the exterior orientation parameters are obtained by aerial
triangulation (AT) based on the object space information (ground control points) and
their corresponding image coordinates. As a result of using a mathematical model
(collinearity equations) representing the transformation between the object and image
spaces, the EOP are determined, providing a relationship between the image
coordinates and the global (or local) mapping reference frame. The combined bundle
adjustment usually facilitates not only EOP determination, but may also involve
rectification of the camera 10 (pre-determined by laboratory calibration procedure).
Unfortunately, the significant part of the AT cost is associated with the establishment
of ground control points, which might be prohibitive in cases of mapping of remote
areas. Consequently, the direct orientation provided by GPSINS (i.e., direct EOP or
DOP, without a process of AT), is highly advantageous, provided that the satisfactory
accuracy level is achieved, as it virtually eliminates most of ground control, and
problems of image matching and need of approximate tie points required for
automatic AT to recover exterior orientation. However, a crucial point of application
of direct georeferencing is the accuracy and reliability of DPO, depending primarily
on sensor quality, stability and accuracy of the system calibration, quality of time
synchronization, and the type of the data processing algorithm.

DPO, as explained earlier, can be accomplished by inertial navigation or a multi-
antenna GPS, or, for the highest accuracy, by integration of both systems to utilize

their complementary features. Thus, based on discrete measurements, georeferencing

determines the time dependent vector r, s (t) and matrix RN\ (1) (see equation 2),

hence the problem is equivalent to finding six parameters of rigid body motion, under
the assumption that the sensor is a rigid body. Since we are dealing with discrete
observations, some modeling and estimation are introduced to relate measurements to
the unknown filter states, and interpolation is needed to relate the estimated trajectory
to the epochs of image exposure. In principle, no external information such as ground
control is needed, except for the GPS base station and the boresight calibration range,
which is usually needed prior to the mapping mission. Since the DPO rotational
components are naturally related to the INS body frame, in order to relate the
GPS/INS-derived positions, INS-derived attitude components and image point
coordinates, a multi-sensor system calibration is required. This procedure must be
able to resolve (with a sufficient accuracy) the misalignments between the INS body
frame and the imaging sensor frame (boresight transformation), and GPS/INS lever
arm. The boresight components are usually determined on a specialized test range,
while the linear offsets between the GPS antenna phase center and the center of the
INS body frame are precisely measured using traditional surveying techniques. In
addition, an imaging sensor must be calibrated to determine the camera interior
orientation. The concept of georeferencing isillustrated in Figure 1 and described in a
form of the coordinate transformation in equation 2, while the operational architecture
of DPO determination with GPS/INS is presented in Figure 2.

10
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Figure 1. Direct georeferencing: the concept.

The mapping frame (m-frame) introduced in Figure 1 and equation 2 can be any 3D
geodetic reference frame, such as WGS84, NAD83 or UTM (plus the height
information) or any other selected Earth-fixed reference system. The body frame (b-
frame) is defined as the INS sensor frame, attached to the IMU chassis. If the sensors
are rigidly mounted in the vehicle (say aircraft), the changes of b-frame with respect
to m-frame follow the motion of the aircraft. For the m-frame selected as a local level
frame, East-North-Up (ENU), the three rotations by heading, pitch and roll angles,
defined as R,,,,., provide transformation from b to m-frame (equivalent to Ryjs(t) in
equation 2, where time argument indicates that this matrix varies with the motion of
the platform). If the m-frameis selected as a 3D Earth-centered-fixed Cartesian frame

(ECEF), the matrix RY,s(t) becomes a product of R, (provided by INS) and

REST (see equation 1); the subscript t indicates the time-dependence as a function of
the platform coordinates, latitude ¢ and longitude A.

YK

-sinA -singcosA cosg cosA
Rains (1) = REGT (1) (R, (t) =| cosA  —singsinA  cosgsinA | [R,,(t)
0 cos¢ sing

t

rlM | = rlM ,INS (t) + |:zlg/IINS

(t)(STRE™ [, +bgs) @

where:
Ny, —3D object coordinates in mapping frame

Nv.ns (1) —time dependent 3D INScoordinatesinmapping frame, provided by GPSINS

r.; —image coordinatesof theobject incamera frame C

R?INS
RY s (t) —time dependent rotation matrixbetween body and mapping frames (measured by INS)
s—scaling factor

by\s — boresight offset vector

—boresight matrix between INS body and camera frame C

11
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Figure 2. Operational architecture of DPO determination with GPS/INS.

In order to meet the project goals listed in Section 2, a commercially available
integrated GPS/INS system, POS/AV 510, was acquired from Applanix Corp. The
operational specs of the POSYAV 510 system are listed below, and the performance
characteristic, achieved during the test flights is discussed in detailsin Appendix B.

12
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POS AV 510 V5 Specifications:
33BM61 IMU

1. Performance
POS AV 510 V5 Absolute Accuracy Specifications (RMS)

RTK Post-
C/A GPS| DGPS Processed
Position (m) 40-6.0]05-2 0.1-0.3]| 0.05-0.3
Velocity (m/s) 0.05 0.05 0.01 0.005
Roll & Pitch (deg) 0.008 0.008 0.008 0.005
True Heading ' (deg)| 0.070 0.05 0.04 0.008
* Typical mission profile, max RMS error

POS AV V5 510 Relative Accuracy Specifications

Noise (deg/sqrt(hr)) <0.01

Drift (deg/hr) ' 0.1

* Attitude \Nm drift at this rate up to a maximum error defined by absolute
accuracy in table above.

2. Physical

Temp. Range: |IMU -20deg C to +55deg C
PCS -20deg Cto +60 deg C

Size: IMU 150 mmL x 120 mm W x 100 mm H
(5.9inLx4.7inWx3.9inH)
PCS 279 mmL x 165mmW x 91 mmH
(11.0inLx6.5in W x 3.6in H)

Weight: IMU 2kg
PCS 2.90 kg
Power: 20-32 Volts DC

IMU 45 W, Max (supplied by PCS)
PCS 30 W, Max

3. General - Sensors
IMU

e 250 Hz High performance DTG gyros, accelerometers
GPS

e 12 channel dual frequency (L1/L2), low noise, DGPS ready,
10 Hz raw data

4. Ethernet Input/Output (100 base -T)

Parameters Time tag, status, position, attitude, velocity,
track and speed, dynamics, performance
metrics, sensor data

Display Port Low rate (1 Hz) UDP protocol output

Control Port TCP/IP input for system commands

Primary port Real-time high rate (up to 250 Hz) TCP/IP

protocol output

Specifications subject to change without notice
04 06 2003

5. Logging Output to Internal 1 Gbyte Flash Disk Drive
and/or Ethernet (Buffered TCP/IP)

Parameters Time tag, status, position, attitude, velocity,
track and speed, dynamics, performance
metrics, raw IMU data (200 Hz), raw GPS data

(10Hz)

6. RS232 NMEA Output

Parameters NMEA Standard ASCII messages
Position (SINGGA), Heading ($INHDT), Track
and Speed ($INVTG), Statistics ($INGST)

Rate Up to 50 Hz (user selectable)

Baud 4800 to 115200 (user selectable)

Protocol User selectable

7. RS232 High Rate Binary Output

Parameters Time tag, roll, pitch, true heading, latitude,
longitude, altitude
Time of Validity pulse (250 Hz)

Rate Up to 250 Hz (user selectable)

Baud 19200 to 115200 (user selectable)

Protocol User selectable

8. RS232 Input Interface s

Parameter Gimbal encoder input,

AUX GPS Input (RTK, NavCom Starfire),
RTCM104 DGPS Corrections Input

Rate 1to 200 Hz

Baud 9600 to 115200 (user selectable)

Protocol User selectable

9. Other I/O

1PPS 1 pulseper-second Time Sync output,
normally high, active low pulse

Event Input Two input discretes used to mark external

events. Discretes are TTL pulses > 1 msec
width where rising or falling edge is time-
tagged and logged (Max rate 100 Hz).

10. User Supplied Equipment

10.1 PC for POS Controller (Required for configuration)

e  Pentium 90 processor (minimum)

e 16 MB RAM, 1 MB free disk space
e Ethernet adapter (RJ54 100 base T)

e  Windows
10.2 PC for POSPac Post-processing Software

e  Pentium 90 processor (minimum)
e 16 MB RAM, 1 MB free disk space
® Windows
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4. RESULTS

The extensive system calibration and performance validation were carried out based on two
test flights performed by Aerial Engineering Office. The data were processed and analyzed at
OSU, and the detailed description of the resultsis provided in Appendix B. In particular, lever
arm calibration, boresight cdibration and navigation module quality check were performed,
as detailed in Appendix A. Multiple CORS reference stations were used in the solution.
Detailed analyses of the quality of the GPS and GPS/INS solutions were performed. The
following data sets were used:

« Instalation test flight

e Toledo dataset, Dec. 03 2002

* Franklin 670 dataset , Dec. 6 2002

» Defiance mapping dataset, Dec. 9 2002
» Defiance airport dataset, Dec. 10 2002

The boresight offsets and angles between the INS and the camera should be very stable, due
to unique instalation of the IMU in the camera cone. The offsets were surveyed very
precisely by the OAE personnel, and the boresight angles were calibrated and are fixed in the
Applanix data processing suite. The lever arm offsets between GPS and IMU should be
dynamically calibrated during the GPS/IMU data processing.

5. CONCLUSIONS

Since the only way to test the performance is thorough independent georeferencing method,
such as aerotriangulation (AT) based on control points, which for practical reasons is not
performed, except for the system calibration, the following test procedures are suggested: (1)
closely monitor the QA/QC (quality assurance/quality control) parameters during the
navigation solution, as detailed below; and (2) run an automated AT (with no control) seeded
by the GPS/INS solution that provides the image orientation refinement. Based on the
extensive testing and system cdibration, the following can be concluded in terms of
operational practice in GPS/INS data processing to assure the best solution quality:

a. GPSData processing

» Forward/backward data processing is recommended

e L2 should be used for ambiguity resolution, if possible
e L2 should be used for ionospheric modeling, if possible
« Criteriato control the quality of a GPS solution

o ‘“forward/backward separation”: normally for 20-30km basdlines, the
separation should be 20-30cm.

0 “Ambiguity Fixed Information”: Normally fixed solution is better than a
float solution; however, if asubstantial differenceisfound inthe
“forward/backward separation”, wrong integer ambiguity could exist in
the forward or backward fixed solution.

0 “Combined RMS’: select the solution with smallest RMS when multiple
solutions are performed.

0 “Postion Standard Deviation”: select the solution with a minimum
value.

14
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» lonospheric free model and rel ative ionospheric model should be peformed and
compared; normally ionospheric free model will generate better solution.

» Different base stations with selected segments and different processing
directions should be considered to sl ect the best solution.

« “Standard Deviation” and “ Reection tolerance” for Code and Phase should be
properly selected by checking residuas of the float solution.

« Different ionospheric noise models (mainly depending on the quality of L2 data)
should be tested to get an optimal solution; normally, the “auto noise model”
will work well.

+ Test different KAR options, such as KAR time and search region size; if solution
can not be found, default settings will work.

b. IIN Kalman Filter data processing

« Criteriato control the quality of the IIN Kalman Filter
0 Measurement Residuals should be noise-like.
o Estimated Sensor Errors should reflect the quaity of IMU hardware.
*  “Adaptive RMS’ for “Position measurement” should be used
 “Fixed RMS’ for “Veocity measurement” should be used
« If IIN Kaman Filter fails, the* processing log” should be checked Normally the
problem is caused by “too many consecutive measurement rejections’.

0 Increasethe“Number of consecutive measurement rgections’ (50).

0 Increasethe “Measurement Residual Ratio” from 3to 5 or 6, but not too
much, since it may decrease the reliability of the final solution.

0 Increasethe*Scalefactor” (1.0) inthe “Adaptive RMS’, but it may risk the
reliability of the final solution

o Do not usethe“Velocity measurement”, if too many rejections come from
velocity.

o Reax the quality of the GPS solution from ID to FD, CD, or even C/A. Also
it will degrade the accuracy of the final solution, but at least some solution
can be generated.

* Lever arm offsets should be properly caibrated either before the flights or re-
calibrated in the data reduction procedure.

Based on the test flights analyzed in Appendix B it can be concluded that the Applanix
system meets the performance specifications, as described by the manufacturer. Especidly the
recent update of the GPS/IINS processng engine provides more robust georeferencing
solution, and supports better user interface.

6. IMPLEMENTATION PLAN

The OSU staff worked in close collaboration with ODOT OAE personnel to assure
that all functional aspects of the system’s operation are followed during the field
procedure. This included test flights, calibration and training seminars for the OAE
staff.

The system is fully implemented and installed in the OAE airplane, and has been
operational since fall 2002. To support daily operations and effective data processing
and analysis, the “GPS/INS data processing strategies with POSPac Software” are
included in Appendix A.

15
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APPENDIX A

GPS/INS data processing strategies with POSPac Softwar e
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1. Softwareoverview
1.a. Objective of Appanix POS computing products

Correlate sensory data derived from various sources such as GPS, gyros, accelerometers
and other devices.

Provide accurate navigation solution in real-time and post-processing.

Extract and process raw data. (Post-processing)

Identify and compensate for sensor and environmental errors. (Post-processing)
Compute an optimally accurate, blended navigation solution. (Post-processing)

VVVYV VY

Workflow for data Post-processing

| Base Station Dat Photol D File (opt :

; "—= poscPs (P :

Raw Po s mgps_kernel.n s_pri_kernel.dat :
Data imu_kernel.dat ! EO data
— = Extract Data PosProc —S2eLkernd.o PosEQ ~———=

‘ eventl kernel.dat 4\

.................................................................

Figure 1A: Workflow for data post-processing
1.b. Data extraction
Objective:
» Extract stored raw GPS and UM data, and detect potential data problems, such as
gaps
| e |

File Options

P05 Data First File Mame ||D:'I.-'J~pplanix DataiToledo Dec 03 2002'RswDEF ALLT.000

Extracted Data Directory |D:'I.ﬂ.pplanix Cata\Toledo Dec 03 2002E «tract

Extracted File Mame Kernel |T-:|Iedn:u
PO Data extraction Time Output
fo" Al Data o Al Groups
" Select Extraction Time i Selected Group |

POS Type:

o

[w Use POS Cortrol Parameter Setup for Post-processing

Figure 2A: Extract POS Data

Steps:
> Filesoptions
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o POSDataFirst File Name
o Extracted DataDirectory
0 Extracted File Name Kernel
Note: Directoriesfor files and Kernd are important!!!
» POS Data extraction Time
o All Data=> Default option
0 Sdected Extraction Time => Advanced option which will alow you select
extracted Start Time and End Time (GPS Week and Seconds of Week)
» Output
o All groups=> Default option
0 Sdected group => Advanced option to select specific types. (Figure 3A)
v" Required Group:
* IMU Data
* Primary GPS Data
v" Optiond Group:
+ Events=> if you want to get PosEO results
v" Recommended Group:
* Navigation and Dynamic Data: GPS code kinematic solution
» Navigation Performance Metrics. Accuracy for GPS code
kinematic solution
» Sensor Navigation Data: INS free navigation solution
»  Sensor Performance Metrics: Accuracy for INSfree
navigation solution

Group Selection

[w MU Dt v Mavigation and Dynamic Data
[v Primary GPS Data v Mavigation Performance Metrics
[ Secondary GPS Dats v Senzor Mavigation Data

[ Awxiliary GPS Data v Zenzor Performance Metrics

[ Dl Data

[ GAMS Data

| Gimbal Encoder Data [ Fero Welocity

[v Ewvents [ Position Fix

[ User Time Tag Data [ Target Location

Figure 3A: Group Selection
» Use POS control parameter setup for post-processing: => Automatically extract al
embedded redl -time parameters, including lever arm and initia orientation
coordinates, otherwise settings default to zero and must be entered later, manually.

After al steps of data extraction are finished, the following menus can be used to examine
the quality check or data gaps of GPS and IMU data.

> “View" =>"Extract Log File"
> “View” =>"POS Data’ => “Sensor Data’ => “IMU Data’
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“View" =>“POS Data’ => “Sensor Data’ => “GPS Navigation Data’

“View” =>“POS Data’ => “Time Tagged Events’

“View” =>“POS Data’ => “Real Time Navigation Solution” => “Vehicle Navigation
Solution (wa)”

“View” =>“POS Data’ => “Real Time Navigation Solution” => “Vehicle Navigation
Performance Metrics’

“Display” =>“POSData’ => “Sensor Datd” => “IMU Data”

“Display” =>“POS Data’ => “Sensor Datad” => “GPS Navigation Data”’

“Display” =>“POS Data’ => “Real Time Navigation Solution” =>“3D Vehicle
Trajectory”

“Display” =>“POS Data’ => “Red Time Navigation Solution” =>“Vehicle
Navigation Solution (wa)”

“Display” =>*"“POS Data’ => “Red Time Navigation Solution” => “Vehicle
Navigation Performance Metrics’

“Display” =>“POSData’ => “Rea Time Kaman Filter Data” => “POS Estimated
Error and RMS’

“Display” =>“POS Data’ =>“Red Time Kaman Filter Data” => “POS
Measurement Residuals and RMS’

Y V VYV YV VVV VY VVY

Files created after data extraction (Table 1A)

File# | FileName File Description
1 dephem Kernel.dat GPS Ephemeris Data
2 eventl Kernel.dat Image Time Tagged Events
3 extract Kernd.log Extracted Log File
4 gps _pri_Kernel.dat GPS Code Kinematic Solution
5 hwconf_Kernel.out Hardware Configuration
6 iinr_Kernel.out Binary file
7 iinz Kernd. out Binary file
8 imu_Kernel.dat IMU raw data
9 mgps_Kernel.nov Rover GPS raw data
10 navclk_pri_Kernel.dat Clock Estimates for Rover GPS Receiver
11 obs pri_Kernd.dat GPS Rover Observation Data
12 rers Kernel.out Binary file
13 rinv_Kernd.out POS Measurement Residuals and RMS
14 rmrs_Kernel.out Binary file
15 rrms_Kernel.out POS Estimated Errors and RMS
16 rtstat Kernel.txt Binary file
17 tm_Kerne .dat Binary file
18 vhav_Kernd.out Vehicle Navigation Solution
19 vrms Kerne.out Vehicle Navigation Performance Metrics

Table 1A: Files Created after Data extraction

Note: Thefile descriptions for File#6, 7, 12, 16, 17 are proprietary, please contact with
Applanix for further description.

1l.c. GPSsolution using PosGPS

POSGPS isafull-featured kinematic and static GPS post-processing package running on
Windows 95, 98, 2000, NT and XP using Waypoint's proprietary GPS processing engine.
Support most single and dud frequency commercial and OEM receivers.

Processes GPS/GLONASS combined data.

Kinematic engine called Kinematic Ambiguity Resolution (KAR).

Forward and Backward Kalman Filter

YVVYVY
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» Numerous options setting
1.c.1.Data loading

Preparing base and rover station data, and loading into database of PosGPS

Steps:

» Convert GPS raw data (Rover Station) and Rinex data (Base Stations) into
database format of PosGPS (GPB)
Note: While converting the rover GPS raw data (mgps_Kernel.nov), the options
“Make all epochs Kinematic” must be checked. (Figure 4A) However, for Base
Station, the option “Make all epochs Kinematic” must be unchecked.

> Creating anew project

» Loading base station GPB file
Note: Please double check the Base coordinates and antenna height. Please sel ect
appropriate coordinate system and the height system (Ellipsoidal Height or
Orthometric Height). (Figure 5A)

» Load rover station GPB file.
Note: Leave remote antenna height as zero (offset applied in PosGPS)

+* NovAtel OEM2/3 Options (%

v Make all epochs Kinematic
v Re-calculate position and clock affset. Othensize use CLER and POSE
[ POSE marks end of record. Othenwize RGEB/C/D or RNGE
v Print L1 and L2 loss of lack warnings
v Check Novatel CA2 code lock bit
[ Reject bad CAt code meaz. [RGED anly]. tal(m]: |152_|:||:||:| j
[ Beeline Receiver D ata [will make 2 GPE Files)
Figure 4A: Options for converting GPS Rover raw datato GPB format
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Enter Master Position ! |

Master]

Coordinates

Latitude: ([T ~| |41 16 |37.32921
Longitude:  [wiest = | |54 |24 4917483

. {* Ellipzaidal height
Height  |198.477
= M~ Orthometiic (MSL] height

O atun: WwWGES5E4 Datumn Optionz
Select From Add To Jze Average Enter Grid
Favarites Favarites Pozition Coordinates

Antenna Height
* Usze zsimple vertical antenna beight model

Wertical antenna height; 0.000 [mn]

" Usze advanced method [requires anterna profile]

et
| =] _Defie |

Figure 5A: Coordinates for Base Station

-

1.c.2.Data processing based on difference processing options
» GPSsolutions (Table 2A)
For airborne dataset, Base-Rover separation is normally >10~20km, then afloat

ambiguity will be achieved. However, with the aid of ionosphere model or iono-free
combination, abetter solution (than float solution) may be able to resolve.

Frequency | basdline Fixed Hoat lono-Free
Single Short Highest accuracy Lessaccuracy | X
Long Max to 10-20km, Higher accuracy | Lessaccuracy | X
Double Short Highest accuracy Lessaccuracy | x
Long Max to 30-60km, Higher accuracy | Lessaccuracy | > Float

Table 2A: Solutions comparison in general cases for longer baselines
» GPS data processing options

The options for GPS data processing can be selected using the dialog box “ Process
GPS or GPS+GLONASS'. Severd different tab sheets are included in this dialog box.

0 Process (Figure 6A)
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=  Process Direction: Both => Default, this option will alow the
both forward and backward Kalman filter.

* ProcessDataType

Automatic

The feature automatically searches the data for dual
frequency, single frequency or C/A codeonly. If the
master and remote files are of adifferent type, then the
less of the two will be used. The order is C/A only,
single frequency then dual frequency.

Single frequency carrier phase

Thiswill processwith C/A code, L1 carrier phase and L1
Doppler datain a combined Kaman filter. Each of these
data variables must be available. Integer ambiguities can
also befixed using KAR, quick static or the fixed static
solution. Single frequency isusually lessrédiable than
dua frequency and has the disadvantage of not being
able to correct for theionosphere. Single frequency is
normally always more accurate than C/A code only.

Dual frequency carrier phase

For GPSreceiversthat track L2 carrier phase, processing
dua frequency has two benefits. Integer ambiguity
resolution (e.g. KAR, fixed solution and quick static) is
much morereliable, and the resolution time is much
faster. For instance, KAR using dual frequency data can
resolve in afew minutes what could take 10-20 minutes
in single frequency. Secondly, ionospheric correction
can be enabled with dual frequency data. This greatly
improves accuracies on baselines longer than 10 km.
Please note that processing dua frequency on single
frequency datawill have no benefit, and may have
adverse effects.

C/A code only (DGPS)

Thiswill processin an advanced differential correction
mode. In kinematic mode, the accuracy will be the same
asred-timedifferentia (i.e. RTCM corrections). In
static mode, the accuracy will be higher due to averaging
effect. Normaly, C/A only processing is only performed
for datawith no (or incomplete) carrier phase
information.

Occupation mode

Thisis aspecia mode of operation designed for usein
high tree cover areas. In this mode, the user should stay
stationary over each point for 2-5 minutes. Carrier phase
lock need not be maintained during travel between points.
Since the carrier phaseis used in static mode (not
kinematic) sub-metre accuracies can be achievablein
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such terrain. GLONASS processing is aso suggested to
add additiond satellites.

= Static Initidization

Float solution or kinematic initialization

Thefloat solution does not solve for integer ambiguities.
This setting is also necessary for kinematic initialization.
Since integers are not solved, the float solution tendsto
be less accurate than the fixed or quick static solutions.
For longer baselines (>10 km in single frequency and
>30-40 kmin dual frequency) integers are often not
solvable. In such cases, the float solution is often the
best dternative. For dua frequency, be sure to enable
the ionospheric free correction mode from the Dua
Frequency Options.

Fixed static solution

This method processes carrier phasein order to obtain a
static fixed integer solution. If the integers are correctly
determined, this mode is the most accurate. For longer
baselines, an ionospheric correction is applied to the
fixed solution. For single frequency, a minimum of 10
minutesisrequired and 15 minutes is suggested. For dua
frequency, only afew minutes will work. However,
users often choose to stay longer to lessen the likelihood
that a point be re-observed. Note that time should be
increased with baseline lengths for both single and dual
frequencies.

Quick static solution

Uses integer ambiguity techniques to quickly resolve
baseline coordinates. Thisis an out-dated methodology.
Thisfeatureis only retained in the software since there
are afew instances when it will deliver a solution where
the fixed solution will not. The quick static solutionis
normally not asreliable or as accurate as the fixed
solution.

= Kinematic Ambiguity Resolution (KAR)

Kinematic Ambiguity Resolution (KAR) is the process of solving
fixed integers on amoving antenna. KAR will aso engagein static
modeif the 'Engage KAR in STATIC mode' setting is enabled in the
KAR Options. KAR isvery useful to regain integer (high accuracy)
positions a onset or after aloss of lock. KAR requires5 or more
satellites and 6 satdllites are suggested.

Automatically

KAR isenabled for dual frequency and disabled for
single. KAR isnot applicable for C/A only processing.
Off
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Thisforces KAR to never be engaged.

¢« On

¢ Manual engage only
It only engages KAR at times specified in the Advanced
KAR options. KAR will not be engaged if thereisaloss
of lock.

= GPS+Glonass Processing

Normally, POSGPS will automatically detect if thereis GLONASS
data. However, if this detection failsor if the GLONASS datais
causing problems, then satellite system type may need to be selected
(i.e. GPS Only or GPS+GLONASS).

* Automatic

e GPSOnly
» GPS+GLONASS

Process GPS or GPS +GLONASS 2L

Standard Deviation ] Fixed Static] kAR ] Advanced KAR ] Glonazs ]

Frocess l General ] Advanced ] Cual Frequency ]
Procesz Direction
Direction; Bath Change
Procesz Data Tupe
{* Autarnatic
{" Single frequency carmier phase " CAA code only [DGPS)
(" Dlual Frequency camier phaze " Occupation mode

Static [nitialization

{* Float solution ar kinematic initialization
" Fixed static solution
" Quick static solution [Less accurate than the Fized Static]

K.inematic Ambiguity Besolution
" Automatic © OFf & On ™ Manual engage only

GPS+Glonass Processing
" Automatric (+ GPS anly (" GPS+GLOMASS

Figure 6A: Process for “Process GPS or GPS+GLONASS'
0 Generd (Figure 7A)
= Elevation Mask

The default elevation cut-off for satellite processing is 10 degrees.
Y ou may wish to raise thisto 15 degrees, but we do not suggest
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that you lower it. If the default is set too high, you may miss
satellites that are important to the geometry of the position.
Lowering the mask can cause a solution degradation due to noisy
data.

= Processing Interva
The program automatically lines up both the master and remote
data sets at the data collection rate. If thisisnot desired, you
may specify theinterval at which you wish to process the data.
For instance, in static mode, processing with dataintervals
shorter than 15 sisnot beneficial. Infact, it can result in overly
optimistic accuracy estimates.

= TimeRange
Normally, POSGPS will process the entire data set. This means
starting at the first epoch the master and remote hasin common
and ending at thelast. Users may, however, wish to limit the
scope of processing to avoid problematic time periods. Such
time periods are usualy isolated from the data plots. The
beginning and end times are entered here. These times are for
forward processing (i.e. begin timeis before end time). For
reverse processing, POSGPS starts at the end time and stops at
the begin time The default time system is GPS seconds of the
week (0-604800), but times can also be entered in hours, minutes
and seconds. These arein the GMT time zone.

=  Process Direction
Use this option to process data setsin the forward, reverse or
both directions. Both directions will process the forward first,
followed by the reverse.

= Write Satellite Residuals
These are needed for graphing individual satellite residuals.
Forward only processing is highly suggested for analyzing
satellite residuals, as the plotting functions can sometimes be
confused by the reversefiles.

=  Processing Datum
Normally, the processing datum is the same as that where your
base station coordinates are referenced to. In this case, select the
processing datum from the list. Alternately, processing can bein
aglobal datum such as WGS84, and coordinates can be entered
in the local datum.
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Process GPS or GPS5+GLOMASS

Standard Deviation ] Fixed Static ] kAR ] Advanced KAR ] lonazz ]

Process General l Advanced ] Daal Frequency
Elewation Mask Froceszing Direction
10.0 [deg[eeg] " Forward {* Both

" Reverse

Froceszing [nverval

1.00 [zeconds)

Procezzing Time Range [GT)

Iv Process entire time range

=

[ 'Wwirite satellite residuals

Proceszzing D atum

OSGBE36 ”
Pulkowo-1942

| | SA0AE
SabBg

| | TOENTD

kore D atum Options. ..

Figure 7a-A: General for “Process GPS or GPS+GLONASS’

o Advanced

Base Satellite
Thisisthe satelliteinitially used as the base for the differenced
observations.

Satellitesto Omit

Normally, all satellites are used for processing. Y ou may wish to
omit satellites which have serious data problems. They will be
noted in message log file. Satellites can either be omitted for the
entire data set or for aselected time period. Minimizing the
extent of an omission isaways preferred.

Tropospheric Model

Tropospheric corrections should always be used. POSGPS uses
the Saastamoinen model as experience has shown that it works
best. The'Off' setting isto be used with simulator data where the
tropospheric correction has been disabled.

Carrier Locktime Cut-off

The number of seconds of carrier phase lock before data for that
channd is deemed usable. This allows usersto reject datafor the
first 'n' seconds since loss of lock. The default valueis 4, but
higher numbers (8-12 s) can be very beneficial to some GPS
receivers—especially low-cost ones.

L1 Phase Cycle Slip Detection & Tolerance
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These parameters govern how POSGPS detects cycle dlips. In
genera, POSGPS relies on a procedure of using the locktime
read or computed in the decoders combined with a Doppler
check.

e Doppler
The Doppler check triesto predict the L1 phase using the
Doppler and comparesto the actua value. Using zero as
atolerance lets POSGPS choose a value based on the
interval.

»  Locktime counter
The locktime cycle dip check uses flags generated by the
GPS receiver. This should normally aways be enabled.

o Static fine check
In static mode, the fine static check should be turned on.
This alows POSGPS to detect very small cycle dipsand
is now by default ON. For the fixed solution, thisis
automatically used and cycle dips are also corrected.

e SKip seriad drop-outs
This should only be used for data sets that are susceptible
to individual satellites skipping in and out due to serial
dataerrors. Ashtech MBN, MPC an MCA records are
the most susceptible. Some download (B-files) from
Ashtech have a so been observed exhibiting these
phenomena. For receivers other than Ashtech, there
should be no reason to use this option.

= Bad Data Control

* Resetfilter
Thefilter reset is a safety measurein the processing
engine that prevents bad data from permanently harming
the ambiguity values. This feature should protect carrier
phase processing from ever being worse than DGPS.
Thefilter reset is engaged when an unfixable carrier
phase error has been detected, and induces atotal oss of
lock on all satellites. However, in some cases asmall
cycle dip is hot as serious as the compensating measure
(i.e. thefilter reset). In such cases, disabling thisfeature
may result in abetter quaity solution, especially for
single frequency data sets.

»  Write epochs containing bad data
This command forces POSGPS to print out al positions
that it computes, regardless of whether it has deemed the
datato be good or bad. By default, POSGPS will not
print positions for epochs for which the Kalman filter has
detect large measurement errors. This option should
only be used if you need a position for as many epochs
aspossible, and if you are not concerned about some low
quality positions.

28

LINIVERSITY




High-Accuracy Direct Aerial Platform Orientation with Tightly Coupled GPS/INS System

» Do not write epochs with poor statistics
This option alows you to remove epochs from a solution
that have quality numbers, or standard deviations greater
than some threshold. Thisoption can be used to attempt
to filter out bad positions from the output.

= FWD/REV File Format
This option alows you to select the format of the epoch output
files. The Normal format is the format that POSGPS uses by

default.
Process GPS or GPS+GLONASS [?]X
Standard Dewviation ] Fined Static ] kAR ] Advanced KAR ] Glonass ]
Process ] eneral Advanced l Drual Frequency ]
Baze Satellite L1 Phagze Cycle Slip Detection & Tolerance
| v Automatic v Doppler |D.DD [evcles)
Ot S atelites v Locktime counter

Omit | O satz omitted v Static fine check |I:I.E|E| [cycles)

Tropospheric Maodel [ Skip zenal drop-outs |2 [epochz]

& OM [Saastamainen] Bad Drata Control

" OFF [not suggested) [+ Reset filker at unfizable bad data

Carrier Locktime Cut-off [ wiite epochs containing bad data

|4_|:| [sec) | Do MNOT wiite epochs with statistical

Usze Doppler Measurment Bl e |E [1-6)

W For phase processing Stdew. abowver |2I:I.I:II:II:I [rn]

[ For code-only process. Fu/D/REY il farmat |N|:|rma| j

Figure 7b-A: Advanced for “Process GPS or GPS+GLONASS’
0 Duad Frequency (Figure 8A)

POSGPS supports full dua frequency processing. For this feature to work,
both the master and remote receiver must be dua frequency GPS receivers.
By making measurements on both L1 and L2, the ionosphere error can be
resolved. The effect of theionosphere under normal conditions and in the
absence of ionospheric stormsisasmall effect at 0.5 - 2 PPM (5-20 cm per
100 km). Because L1 and L2 carrier phase need to be combined to remove
the ionosphere, the measurement noise will increase from sub 1 cm to 1-3 cm.
A further problem occurs because L2 is more proneto cycle dips. For the
ionospheric-free model, acycle dip on L2 will induce atota cycle dip for
that satellite. For the relative ionospheric model, thisis not the case making it
less sensitiveto L2 dips. However, this adds additional noise to the solution,
which can sometimes cause the relative model to be less accurate. Generally,
ionospheric correction becomes beneficial on baselines greater than 10 km.
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Another good reason for employing dual frequency isto improve the
reliability of integer ambiguity search techniques. By combining the L1 and
L2 carrier phase the so-called widelane isformed. These techniques are
employed for Quick Static, Fixed Static and Kinematic Ambiguity Resolution
(KAR). The result isthat these techniques will work much more reliably,
solve on longer distances and require less observation time.

Use P2-Code in Kalman Filter

Under normal circumstances P2-code measurements are not
employed. Thisisbecause most dua frequency receivers use
narrow correlators (or similar technology) for their C/A code
measurements and these tend to be more robust and reliable than
the P2-code. Enabling thisfeature will add this measurement to
the Kalman Filter thereby causing afaster convergence.

Use L2 for Ambiguity Resolution

It isimportant for this feature to be enabled when using Quick
Static or KAR asit allowswideaning to be used. Thereisno
reason for disabling this option. In such acase, it is better to use
single frequency processing.

Use L2 for lonospheric Processing

* Relative lonospheric Mode
Thisis normally used when static initialization occurs
when the base and remote are close and the ionospheric
error at that base-remote separation can be assumed to be
zero. Using therelative transfer algorithm, the
ionospheric error is accumulated as the base and remote
get farther apart. The distance from the base station
when the relative transfer starts can be set using the
Engage Distance. If loss of lock occurs, then this
ionospheric transfer cannot continue. After this point,
this solution becomes very similar to the ionospheric free
model. Because of thislast feature, the relative model
can be used even if the starting point is far from the base.
Since the relative model isless sensitive to the noise of
L2 data.

» Engage Distance for Relative lonosphere
This parameter is combined with relative ionospheric
processing and it sets the radius from the base station
before the relative ionospheric correction starts. Thisis
an advanced parameter and changing it will cause little
differencein the final solution. Users may wish to lower
this value during periods of high ionosphere activity. The
default valueis 4.0 km.

* lonospheric Free Model
This can be used for static or kinematic data processing.
The lono-free solution will do a better job of resolving
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the ionospheric error at the expense of being more
susceptible to cycle dips. Static baseline should only use
this method.

Note: For choosing between |ono-Free and Relative lono
Models there are severa rules of thumb:

1) If theL2 datais very clean with minimal losses of
lock, then the iono-free model often works better.

2) If theL2datais continually losing lock, then the
Relative modd can be better.

3) Therelativelikesto start close, but it is not
necessary. In many cases both models will give
similar results.

4) Itisaso often agood ideato try both models.
Sometimes one will work quite abit better than the
other.

5) lono-free should be used in static. It will aid the
fixed static solution if theiono noise modd is used.

L2 Small Cycle Slip Tolerance

Both KAR and relative ionospheric processing check for small
cycledipson L2 by checking it against the L1 phase. Raising
this value too high will increase the chance of ahalf cycle dip
being detected. Lowering this value may cause false cycle dips
to be induced by noise. Changing thisvalue requires anaysis of
the results and should only be done by advanced users.

Correct C/A code for lonosphere

By combining the C/A code and the P2-code, the ionospheric
effect can be removed from the pseudorange measurement.
However, this adds additional noise along the lines of afew
metres. Thus, basdlines need to be very long before the effect of
the ionospheric islarger than the additional noise induced.
Generadly, baselines need to be 500 km or morein length.
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Process GPS or GPS5+GLOMASS

Standard Dewviation ] Fined Static ] kAR ] Advanced KAR ] Glonass ]
Process ] General ] Advanced Dual Frequency
Cual Frequency Measurement Uzage
¥ Llze P-code in Kalman Filker
W Usze L2 for Ambiguity rezolution [KAR Duick, Fixed]
v Usze L2 for lonospheric processing

|onosphernic Proceszsing

" Relative ionospheric model [start close-kinematic)
4.0 Engage distance for relative ionozphere [km]
{* |onozpheric Free model [lang dist. static]

L2 Small Cycle Slip Tolerance
|I:I.4 [cycles, uzed in KAR and lono. proceszing)

[ Correct Cét code for ionospheric [S00+ km anly)
Figure 8A: Dual Frequency for * Process GPS or GPS+GLONASS’
0 Standard Deviation (Figure 9A)

This dialog box allows the user to change some of the parameters used in the
double difference Kalman filter. These settings control the weighting of the
carrier phase and pseudorange (C/A code) measurementsin the Kalman filter.
The following statements normally apply:

1) Using accurate standard deviation values results in better float solution
convergence. For float-mode processing, accuracies can sometimes be
significantly improved. For fixed-integer processing, KAR resolutionis
generdly faster, but the actua accuracy is not usualy affected.

2) Lowering the C/A code standard deviation with respect to the carrier
value causes the software to converge faster. If the C/A is over-weighted
(i.e. standard deviation istoo low), then it may converge to the wrong
value.

3) Thebest way to evaluate optimal standard deviationsisto use the Plot
GPS Data function from the Output Menu. View the RMS-C/A code and
RMS L1 Phase. Good standard deviation val ues are those where 90-95%
of the RMS values fall below user-defined threshold. The values
computed from the Processing Summary (under the Process Menu) can
often be optimistic.

4) If the standard deviation is atered, the rgjection tolerance should aso be
changed. Generadly, the rejection tolerance for the C/A code should be 3-
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4 times the standard deviation. For the carrier phase, the regjection
tolerance should be 5-6 times.

5) Raising the carrier phase rejection toleranceis a useful way to making the
Kaman filter less sensitive to noisy data. For airborne processing, 0.20
m can often result in better accuracies.

6) Notethat the PPM vaueis added to the carrier rejection tolerance to
account for the additional noiseinduced by the ionosphere.

7) Sometimes very bad Doppler data can induce position errors. POSGPS
tries to protect against this, but this phenomena can still happen. In such
acase, raising the Doppler standard deviation is agood remedy.

= Standard Deviation
By default the C/A codeisset to 7.0 metres. Thisisto account
for possible multi-path on the C/A. However, if the C/A code
measurements are quite clean then this number can be lowered to
1-3 metres. Thiswill improve kinematic convergence times for
the float solution. Asfor the carrier phase standard deviation,
this should be left at 2 cm for most applications except for
airborne data over longer baselines. 3-5 cm with a20 cm
rejection tolerance seams to be more proper for thistype of data.
If there are problems with the Doppler (phase rate) measurements,
then the user may wish to raise the L1 Doppler standard
deviation (to 1-5 m). Thedefault valueis 25-100 cm depending
on the GPS receiver type.

= Regection Tolerance
This refers to the tolerance on the residual s over which the
measurement will be assumed erroneous. The default values are
10 cmfor L1 phase and 25 metres for C/A code. The L1 phase
toleranceis also increased by the parts-per-million (PPM) value
to account for ionospheric noise. The user may want to raise the
L1 tolerance value to allow more leniencies for bad L1 phase
measurements. Thisis closely associated with the reset filter flag
in the advanced options. The default code rej ection tolerance of
25 misvery forgiving. Users may wish to lower thisvaue to
reduce the number of poor pseudorange measurements that may
bias the Kalman filter. Caution should be taken when lowering
rejection tolerances too much. Thisis because if POSGPS
cannot resolve which satellite is the problem, it will induce cycle
dipson dl satdlites.
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Process GPS or GPS+GLOMASS

Proceszs

Standard Deviation l Fixed Static] k&R ] Advanced KAR ] Glonass

General ] Advanced ] Cual Frequency

— —

Standard Deviation Rejection Talerance

Chdy code; |E [mn] Cidcode: 12 [mn]
L1 Phaze: |EI.I:IEEIEI [mn] L1 phaze: (0,700 [mn]

L1 Doppler. ¥ Automatic L1 doppler:  |25.000  [m/s]

F2-code:

| P-code; b [m]
||:I.5|:I [m] Distance PFM: 1.0

Figure 9A: Standard Deviation for “Process GPS or GPS+GLONASS’

0 Fixed Static (Figure 10A)

Thisisfor static data processing.

Search Area Options:

Normal

Thisisthe default search area, which is a constant search
region size.

Reduces as float solution accuracy improves

An auto-reducing search areais helpful for situations
where the fixed solution isfailing the reliability tests.
Normally, this would be the case on short baselines,
possibly with single frequency measurements.

User defined search cube size

A user defined search areais not often used. However, if
the float solution is known to converge very closeto the
correction solution, then enter zero here.

lonospheric Noise Modeling

This noise model corrects for the ionosphere in its computation.
This can improve accuracies, but noise might be higher on short
basdlines.

Automatic
This noise model chooses between Normal and lono
based upon the distance tolerance given.
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Process GPS or GPS+GLONASS ?

Froceszz ] General ] Advanced ] Cual Frequency ]
Standard Devigtion  Fixed Static l kAR ] Advanced KAR ] Glonass ]

Search Area Ophiohz

¢ Mommal [i.e. constant cube size)

" Reduce as Hoat solution accuracy improves

" User defined search cube size:

T
o

lohogzpheric Moize Maodeling
o+ Automatic
Diztance when iono model iz to be uzed:  |10.0 [krn]

" Marmal [i.e. no ionospheric modeling)
(" Carrection for ionosphernic erar uzing L2 data

-

Figure 10A: Fixed Static for “ Process GPS or GPS+GLONASS’
0 Kinematic Ambiguity Resolution (KAR) (Figure 11A)

Kinematic Ambiguity Resolution (KAR) is atechnique that allowsthe
user to compute an integer fixed solution (i.e. 2 cm accuracy) while the
remote antennaisin motion. Typical applications would be kinematic
initialization in marine environments and initialization after loss of lock.
A KAR solution that uses dua frequency datais considerably more
reliable than if only single frequency datais available. Thisisdueto the
additional measurements present with the L2 phase. However, KAR can
deliver accurate results with single frequency, it just takes longer.
Secondly, both single and dual frequency KAR requires at least 5
satellites. If KAR fails after agiven length of time, then it starts
searching over again.

KAR may skip some data after loss of lock, but it will try to go
backwards asfar aspossible. The .FSSor .RSSfile (Static/KAR
summary) will show when KAR was engaged and when it was restored.
Additional KAR statistics will aso be shown here.

=  Minimum Time
e Single Frequency
Thisis the minimum amount of time before KAR is
invoked. The default valueis 8 minutes.
e Dua Frequency
Thisisthe minimum amount of time before KAR is
invoked in dua frequency mode. The default valueis
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1.0 minute. Users may wish to lower this value for urban
data sets where fast ambiguity determination isvery
helpful. Longer baseline airborne users may with to
increase this number to minimize the effect of the
ionosphere.

Thevaueto theright is added to thetimefor every 10 km
that the remote is from the base. For instance, if adua
frequency receiver is used, and the base-remote separation is
20 km, then the overall minimum time will be 1.0 min + 2.5
min*20/10 = 6 minutes.

Maximum Time

Thisisthe time length before KAR will start searching over
again. Lowering this value can cause fixed integer gapsto be
lower. However, KAR will be prevented from using more data
than indicated. Thisis more practical for dua than single
frequency because single frequency KAR often needs 15 or more
minutes to resolve. The default value is 30 minutes, and this
valueisnormally left ‘asis.

Search Region Size:
* Single Frequency

Thisisthe size of the search areafor single frequency

KAR. Becausethe single frequency KAR isinvoked

after 8 minutes or so, this value can be quite small. The

default valueis 1.0 m. Valid vauesrange from 80 cm to

1.2m.

e Dua Frequency
For dud frequency KAR, there are two waysto
determine the search area:
v' Use afixed search range (e.g. 4.0 m by default).
Thisvaueisoften lowered to 2-3 m to speed up
KAR resolution time
v Auto-reduce, which means that the covariance

information is used for search area estimation. To
ensure that the entire search areais encompassed,
the ambiguity standard deviation is multiplied by a
factor (e.g. 3). If auser feelsthat the standard
deviations are overly optimistic, then raising this
factor can be helpful.

Optionsfor Engaging KAR

KAR will not engage if the remote istoo far from the base. This
improvesreiabilities. The distance tolerance for engaging KAR
in both single and dud frequency is defined here. Normally, the
maximum allowabl e distance for single frequency is 7.5 km,
whilefor dua frequency it is 30 km. These values are designed
for aperiod where the ionospheric activity ishigh (i.e. year 2000).
In subsequent years, these tolerances can be lengthened. This
option (i.e. 'Maximum engage distance’) only controls when

KAR isstarted.
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Normally, KAR will not engage in static mode. Thisisto allow
static processing methods to take precedence. However, for
users that wish to engage KAR in static, the option 'Engage KAR
whilein STATIC mode' should be enabled. Please be sure not to
combine thiswith either the fixed static solution or the quick
static solution, as problems may devel op.

Process GPS or GPS5+GLOMASS ! I

Process ] eneral ] Advanced ] Drual Frequency ]
Standard Deviation ] Fived Static ~ FAR l Advanced KAR ] Glonazs ]

Minirmurm Time

Single frequency:  |ENIE [mniir)
280 ind1 0k,
1.00 (min) Sl

Cual frequency:

b awimnum Time
Time before KAR iz ztarted owver again: 1] [rnir]

Search Region [S5F) Search Region [Dual Frequency)
Single frequency: [+ Fixed search region with gize: [4.00  [m)

1.00 [rn] (™ Auto-reduce; use scale factor

O ptions for Engaging F.AR
[ Engage EAR while in STATIC maode

b arirum diztance for zingle frequency: |F". A0 [k
b aximurn distance for dual frequency: |3EI.EIEI [k

[ Engage EAR continuously eveny: |

Figure 11A: KAR for “Process GPS or GPS+GLONASS’
0 Advanced KAR (Figure 12A)
= Advanced Setting

e Stricter Riability Tolerance
Thereliability istheratio of the carrier RMS values
between the second best and best intersections. Larger
values indicate increased reliability. The tolerance for
accepting areliability number is dynamic within
POSGPS. Enabling this checkbox will apply amore
stringent tolerance. Basically, 0.5 is added to the
existing dynamic tolerance. This setting would be used
to reduce the occurrence of incorrect KAR intersections.
The reason that users may not wish to usethisal the
timeisthat it can causeto KAR to take longer to resolve
ambiguity or sometimes not resolve ambiguity at al.
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Stricter RMS Tolerance

This option is similar to the above except that it applies a
lower tolerance to the RMS value of the best intersection.
The tolerance, normally 0.065 cycles, is lowered to 0.05
cycles. Like before, setting thiswill reduce incorrect
KAR intersections. Infact, of thetwo, thisfeatureis
usually more effective. Some users may wish also to use
both.

Use Distance Weighting

KAR has the ability to weight by the inverse of the base-
remote distance (baselines shorter than 6 km will not be
affected). Thisishelpful for airborne data as the effect
of the ionosphere is distance dependent. By default, this
setting ison.

Usefast KAR

Usefast KAR even for 5SVs

If very fast KAR resolution is selected, then minimum
timeis greatly reduced, but it will reduce the reliability

Refine L1/L2 KAR search

=  Geometry (DD_DOP) Settings

These settings control how KAR reacts to poor satellite geometry.
Note that KAR usesthe DD_DOP for testing. The DD_DOP s
approximately PDOP"2, but can be somewhat |ower due to the
differential implementation.

Maximum Allowed DOP

KAR will not search if the DD_DOP is greater than this
tolerance. Thisisto preservethereliability of the
solution. KAR solutions with high DOPs can be
unreliable. However, raising thisvaue alowsKAR to
search where otherwise the software would skip past this
data. Thedefault valueis9.0.

Engage on Poor DOP

The number of cycle dip free satellitesto maintain lock
isfour. In some cases this minimum is maintained, but
the geometry of these satellitesis very poor. This can be
seen asaspikeinthe DD_DOP plot. Setting this
checkbox will engage KAR after the DOP recovers from
being very poor. The default toleranceis 25, but users
may wish to increase or decrease this to control how
KAR reacts a apoor DD_DOP.

= DataUsage Settings

Useon interval

This defines how many seconds between epochs that
KAR will usefor processing. Generally, if carrier phase
errors are random (i.e. white noise), then using alower
interval will improve results at the expense of memory
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usage and computational time. If errors are systematic
(i.e. colored/ionospheric noise), lowering this value will
help little.

« Exactinterva (for interpolating data)
GPS data can be interpolated with the 'Concatenate, Slice
and Resampl€e' utility or using the 'Download Service
Data feature. In either case, additiond errorsof 1-2 cm
can be added to measurements, which is sufficient to
cause KAR not to work. However, if the 'Exact Interval'
check box is enabled and the datainterval ‘Use on
interval' has been set to the original source datainterval
(e.g. 30 s), then KAR will not be affected. Users may
also wish to lengthen the minimum KAR time (KAR
Options) to use more data, as one point every 30 sis
quite sparse.

= |2 NoiseMode for KAR

KAR supports a number of L2 noise models, which model how
POSGPS handles L2 datain dual frequency KAR. Dueto anti-
spoofing, L2 can be significantly noisier than L1 and this difference
must be taken into account.

e High
It ismore robust and is less susceptible to ionospheric
noise.

* lonospheric correction
This noise model corrects for the ionosphere, and seeds
the ionospheric correction algorithms forming a more
accurate KAR fix.

e Medium
There should be few cases whereit performs better than
the new high noise model.

 Low
The low noise model places more weight on L2. It
normally does not perform as well as the previous noise
models, but for short baselinesit may be helpful.

e Automatic
The automatic noise model is the default, and it chooses
between the High and the lonospheric correction noise
model depending on the current distance. The distance
tolerance is specified in the dial og box.

= Manua KAR Engage

Users can manually engage KAR at times that they fedl itis
necessary. For instance, there may be a perfect time when an
airborne platformis very closeto the base. In such acase, also
consider lowering the minimum KAR time. The user must specify
the time of engagement as well asthe process direction. Thisfeature
works well combined with the process KAR (Manual Only) settingin
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the Process Settings. Thiswill alow KAR to only be engaged when
selected by the user.

Process GPS or GPS5+GLOMASS

Process ] General ] Advanced ] Daal Frequency ]
Standard Deviation ] Fixed Static ] kAR Advanced KAR l lonazz ]
Advanced Settings L2 Moize Model
[ Stricter reliabiliby tolerance o Automatic [choozes iono or high)
[ Strlctgr Rr5 tu:ule.rann.::e lara distance: W (kri]
W Usze distance weighting ol i tian [newi]
™ Ulss fast KAR anozpheric corection [new

" High noize [new)]
" Medium naize [old high noize)
" Low noize [needs clean data]

-
| Refine L1/L2 KAR zearch

Geometry [DD_DOF] Settingz y AR E
M awirurn allowed DOP: |9.0 anua ngage

| Engage on poor DOP: [25.0
Data Uzage Settingz

Jze on interval; 5.0 [=]

[ Exact interval [for interpol. data)

Add | Edi | Delete|

Figure 12A: Advanced KAR for “Process GPS or GPS+GLONASS’
0 Glonass (Figure 13A)

The GLONASS options govern the way POSGPS will use GLONASS
measurements when computing a solution

Process GPS or GPS5+GLOMASS

Process ] eneral ] Advanced ] Drual Frequency ]
Standard Deviatil:un] Fized Static] kAR ] Advanced kAR Glonass

-

GP5S-Glonazs Time Difference

W Solve for difference as Kalman Filter state

Initial walue: 0.00 [rm]
Iritial standard des.: 10000000 [m)
Spectral denzity: 0.000000  jm”™ 24

Figure 13A: GLONASS for “ Process GPS or GPS+GLONASS’
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1.c.3.Recommended options and potential problemsfor Airborne Datasets

Asfor airborne dataset, Base-Rover separation may be longer, normally >10~30km,

the following options and tips should be considered.

1) Combine Forward and Reverse Solution

» Theforward/reverse combination is afast and easy check of the solution internal
quality.

» Themagnitude of the forward/reverse separation gives an indication of the
reliability of the solution.

2) Use Static/Kinematic Flag

> Take advantage of the static part dataset to initialize GPS ambiguity if static part
exists.

> Static part can be detected to check velocity estimation from float sol ution.

3) Processing Long Kinematic Baselines
» Use L2 for ionospheric processing

0 lonospheric free Model: It works well when the remoteinitializesfar
from the base. However, acycle dlip on L2 will induce atotal loss of lock
for that satellite.

0 Relativeionospheric model: It works by only applying an ionospheric
correction to the L1 signal and tendsto have a higher L1 phase error than
theiono-free, sinceit is only an approximation. However, cycle dipson
L2 does not reset the ambiguity like the iono-free model. Hence,
accuracies may be better if L2 cycle dips are present in large quantities.

» UseL2 for ambiguity resolution

» Use P-Codefor Kalman Filter: C/A code can be corrected if P2 codeisavailable.
In many cases, thiswill smply add more noise, but the noiseis very white, and
overall improvements can be observed. It isoften good to try with and without.

4) Eliminate problem satellites

> Detect problem satellites according to message logs or satellite residuals.

> Eliminate the problem satellites for the whol e dataset or specific time periods.
Note: If the option "reset filter at unfixable bad data" ison (found in the Advanced
Option tab of the processing options), large spikes may appear in every SV plot.
Examining which satellite is the worst offender (that is, which hasthe largest satellite
phaseresiduals) just prior to the filter reset, and omitting these satellites (up to just
after thetotal loss of lock) will often not result in the total loss of lock induced by the
filter reset option, and improve results considerably.

5) Set the proper standard deviation for kinematic convergence.

> Determine new standard deviation (C/A, P, L1, L2) according to the residual of a
float solution.

> Modify the rejection tolerance according to the modification of new standard
deviation.

6) Filter Reset in Kinematic Single Frequency

» Thefilter reset option can have atremendous effect on accuracies.

> Thefilter reset will acycledip on all satellitesif asmall cycle dip has detected
(sinceit cannot isolate which satellite the cycle dips happened on). Then, this
small cycle dip may beleft in the data.

41



High-Accuracy Direct Aerial Platform Orientation with Tightly Coupled GPS/INS System

OHIO

SIAIE

LINIVERSITY

> Itisbest to process once with this option on, combine the forward and reverse.
Then process once without this option and combine. Use the one where the
forward/reverse separation is lowest.

Processing Kinematic Data from Multiple Base Stations
PosGPS does not support multiple base station data processing.
Alternative approach.
0 Runforward/backward solution with one base station
0 Runforward/backward solution with another base station
0 Combine forward/forward or backward/backward solutions from two
base stations.
0 Choose the best pair based on minimum combined forward/reverse
separation, combined RM S, and combined position standard deviation.

vvd

8) Avoiding Missing Epochs
» Locktime cut-off option can ignore the first severa seconds of data after a
satellite rises.

9) Detecting and Fixing Incorrect Integer Intersections by KAR when it picks the

wrong solution

Check “combined forward/reverse separation”: => A near constant offset or poor

performance in the combined forward/reverse separation.

Check “Float/Fixed Ambiguity Status’.

Compare fixed ambiguity solutions with float solution (difference and position

standard deviation), to find which fixed solutioniswrong.

Processing direction of bad solution: => plot the L1 Phase RMS for each

direction, the incorrect fix normally exhibits alinear growth to the carrier phase

RMS

» Another way to determine the likelihood of abad KAR fix isto view the
Static/KAR summary file ((fss/rss). Therewill be records for each KAR fix.
Look for fixes with poor RMS (>0.05 cycles), low reliabilities (<2-3) and/or large
float-fixed separations (>1 m).

» Correcting the Problem caused by abad KAR fix isnormally avery easy problem
to correct. It just requires one or more of the following settings to be changed.
Thefirst ones are more likely to help then the last.

0 Lengthen the minimum KAR time. As KAR uses moretime, it usualy
rejects bad fixes better.

0 Enablethe'Stricter RM S tolerance' and/or the 'Stricter reliability
tolerance' checkboxes in the Advanced KAR options.

o0 If theauto-reduce KAR search areais used for dual frequency, try
increasing the scale factor.

0 Usethe KAR_SEP TOL command to force KAR to only accept
intersections that are close to the float solution. For instance, use avalue
of 1 m).

0 Lower the Maximum Engage Distance for KAR. Users may also wish to
usethe KAR_USE_DIST command and set the distance to alower vaue
aswell.

o If poor geometry isaconcern, try lowering the 'Maximum alowed DOP
from the Advanced KAR Options.

10) KAR — Improving upon a 20-30 cm combined separation

> For long basdline airborne processing, thiswill be ok, however, it aso may be
improved
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» Try both the lono-free, relative models and combinations for forward and reverse.

> Enablethe 'Engage KAR after poor DOP' option under the Advance KAR
Options. Thiswill be helpful if large DOPs are observed (plot the DD_DOP
variable where DD_DOPS over 15-25 can cause instabilities). Y ou may also
need to check the message log file, as epochs with extremely poor DOPs are
skipped and not visible on the data plots.

» Increasing either the KAR time or the KAR add time (i.e. #min/10km) can help
aswell, since KAR can sometimes pick thewrong L1 or L2 lane resulting in a
10-20 cm error.

> Try enabling the stricter RM S tol erance check box in the Advanced KAR Options.
Thiswill make KAR lesslikely to accept a bad solution.

> Try forcing the use of the lono L2 noise model (or lower the Auto distance) in the
Advanced KAR options. This causesionospheric corrections to be more properly
estimated.

> Try lowering the carrier PPM regjection (see Standard Deviation Options) to 0.5 or
0.25, as this makes the error rgection routines more sensitive. Thisis not always
beneficia, but it isworth atry if nothing else helps.

11) Using KAR With Interpolated Data

> If the Download Service Data function was used to download CORS or IGS data,
you have the option of interpolating to ahigher interval. In such acase, the
epochs not on the origina interval (usually 30 s), has errorsof ~1 cm. If KAR
usesthis data, it will often fail. Therefore, under the Advanced KAR options, set
the 'Use on interval:' value to the original datainterva of your data(e.g. 30 s). In
addition, enable the 'Exact interva (for interpol. data) option. Thiswill cause
KAR to only use the data on the exact 'n' second interval. The minimum KAR
time may need to beincreased to compensate for less data being used by KAR.

12) L2 noise modeling

» High Noisemodd: => Lessreliant on L2, reliableif L2 isnoisy

> lono Noise model: => Seeds the iono-free and relative ionospheric moddls, this
can produce a more accurate final solution. Not only removes ionospheric error to
improve reliabilities, but it also seeds the ionospheric correction (when engaged).

> Auto Noise mode: => Chooses between the High and 1ono noise model s based
upon the distance when the search is performed. The distance tolerance for
choosing between the two noise models (i.e. High and lono) can be specified in
the Advanced KAR Options. In most cases the Auto setting works best.

13) KAR options— could not find a solution

» Resolving this problem is usua ly more difficult than resolving the problem of
picking awrong solution. Thisis because theinability to pick a solution is most
often related to noisy carrier dataon L1 and/or L2. Usually, playing with the
KAR time and search region sizeis dl that can be done.

> For dua frequency, switching to other noise models can help if thereisaproblem
withL1or L2.

» For dua frequency GPS data with good C/A code, set the C/A standard deviation
to 2-3 meters.

» Changethe size of the KAR Dual Frequency Search Region sizeto 1.5 meters.
Use KAR Options.

» Rasethe KAR Minimum Time for Dual Frequency to 3 or more minutes. Use
the KAR Options as well

» From the Options Menu, select User Defined Options. Enter the command:
KAR_SEP TOL=0.75
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» For single frequency KAR, the L1 phase needs to be very clean, and there hasto
be aperiod of at least 10 minutes without aloss of lock. These conditions are not
always possible in many environments.

Note: Using this above procedures will help in finding a solution but may increase the
chance of afdseintersection aswell. Therefore, it isimportant that FWD/REV
solutions agree.

1.c.4.Export results of PosGPSto PosProc

“Output” => “Export to PosProc” (Figure 14A)

Results are exported to the PosProc modul e for further processing.
File Forrnat
{* Exizting format "

Output File M ame
|D:"-.fi‘-.|:||:|lani:-: D ata\Defiance-airports Dec 10 2002M\E =tracthaps_pri D Browse |

Timne Offset
[ Apply offset bo zhift tme ta local ar UTC tme [value subracted from GRS time)

T

Figure 14A: Export to PosProc File

1.c.5.Other potential solutionsif invalid or no solution for PosGPS s abtained

> Try other GPS kinematic software, for example, Trimble Office, Trimble Total
Station with VRS, Javad Pinnacle, Laika SK1, or other GPS software package
supporting multiple base stations.

» Generate output according to format of PosGPS. (Table 3A)

File Name: gps pri_Kernel.dat

Column | Data Description Unit
1 Time GPS Week Second
2 Latitude Deg
3 Longitude Deg
4 Height Meter
5 Veocity North Meter/sec
6 Velocity East Meter/sec
7 Velocity Height Meter/sec
8 Standard deviation East Meter
9 Standard deviation North Meter
10 Standard deviation Height Meter

Table 3A: Fileformat for GPS Solution output file.

Note: Normally, the outputs of traditional GPS software package don't include the
velocity estimation, and then the vel ocity column can contain any value (double) put
by the user. However, in the following step “1IN Kalman Filter”, the vel ocity
measurement must be excluded.
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1.d. 1IN (Inertial Integrated Navigation) Kalman filter using POSProc SBET
1.d.1.1INfilter setup (Figure 15A)

> “Setup” =>“lIN Filter”
The Kalman Filter setup window enables entry or editing of Kalman filter parameters
which normally are not recommended to be modified from their default val ues.

» Editing Kalman Filter control parameters and val ues:

o Prefilter Interva: specifiestheiteration (repeat) interval of the averaging
prefilter. The default valueis 1 second.

0 Kaman Filter Interva: specifiestheiteration interval of the Kalman filter.
It must be an integer multiple of the prefilter interval. It can be equd to
the prefilter interval, in which case the Kalman filter processes each
constructed measurement, i.e. measurements are not averaged. The
default valueis 1 second.

0 Measurement Residual Ratio: specifiestheratio of the computed residua
with the RMS residual used by the Kaman filter measurement residual
test to accept or reject constructed measurements. The default valueis 3.0
which implies that a measurement residual that is 3 times the Kalman
filter predicted RMS residual isrejected, i.e. not processed, on the
assumption that one or more of the dataitems used in the constructed
measurement are bad. Selecting larger values risks the inclusion of bad
data.

0 Exit after (default = 50) consecutive measurement rejections. The
consecutive measurement rejections feature ensures that periods of data
abnormality are identifiable and absolutely excluded.

> Measurements Sheet: Estimated measurement accuracy for selected aiding data.

0 Coarse and Fine Alignment: Some state and measurement parameters can
have different values for the coarse and fine alignment error models.
These include al system state process noise spectral densities, 1st order
Markov state correlations times and all measurement noise standard
deviations.

0 Adaptive/Fixed/Means RMS; Some measurements, notably those
constructed from GPS position, velocity or attitude data, can be
configured to use the RMS error included with the data. Thisis called
adaptive measurement noise parameterization. Selecting Adaptive RMS
enables the Kalman Filter to recognize and use embedded val ues. Also it
will enable adaptive measurement noise parameterization. Select a
measurement noise (Means RM S Scale) scae factor (default is 1.0). The
Kaman filter multiplies the RMS error provided with the data by the
specified scale factor and then sel ects the maximum of the scaled RMS
error and the measurement noise RMS parameters specified in the edit
boxes. The specified measurement noise RMS parameters become lower
bounds on the measurement noise RM S that the Kalman Filter uses.
Click on Fixed RMS to disabl e adaptive measurement noise
parameterization. In this case the Kalman Filter ignoresthe RMS error in
the data and uses the specified measurement noise RM S parameters as
given.

> North, East, Down, X, Y, Z, SIN, COS Measurements:
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IIN Filter Setup E@

Kalman Fitter Parameters

Prefiter [mterval |1 SBC. Kalman Fitter Interval |'| SEC. Measurement Residual Ratio |3

Exit after |50 consecutive measurement rejections.
;...r;';1...................................El
2 messurements . . i .
selected v Courze Alignment W Fine Slignment (* Sdaptive RMS  Means Rr-.ﬂlS 10
 Fixed RMS =eale

[v Maorth Measuremert [w East Measuremert W Down Measurement ooo Zet Al
E‘ E‘ J SMY-GPS MED position M meaz noize RM= E meas noize RM=
f SHW-GPS NED position L0000 1.5000 meters L0000 1.5000

SHV-ALU=GFS MED position

, SMWY-GFS MED welocity 0.5000 0.1000 mes 0.5000 0.1000

SHV-OMI =v2 welocity

SHY-GAMS Heading

SHNY MED Position Fix

SHY MED Zero Welocity

Figure 15A: IIN Filter Setup

1.d.2.Data processing
“Run” =>*“Proc” =>"“SBET"” (Figure 16A)

System will automatically detect the quality of GPS solution (C/A, P, CD, FD, ID),
and Time Tag (Start Time and End Time) for GPS and IMU data.

Note: There are severa parameters that can be configured, and these parameters
normally are not recommended to be modified from their default values.
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POSProc SBET

File Options
Drata Directory |D:L-'-Rpplanix Data'Defiance mapping Dec 3 2002 Extract
Diata File Mame Kernel |Defian|:e_mapping

Proccesing Directory |D:1.ﬂ.pplanix DatatDefiance mapping Dec 9 2002Prac

Proc. File Mame Kernel |Defiann::e_mapping
Impt Data Typefdocouracy
Start Time End Time
VMU 14311107 14957860 MU Type:  fiMUG =l
[ Prim GP= 143112.00 147599.00 Primary GPS
[ GAMS Cality: |
[ DM cis, P b Fb D
[ Gimbal
[ &l GRS Dbl Errar; |1 000 o,
[ Ay 2 GRS
Subsystem Setup

Mavigator Intialization
Output Data

[w Ertire Time Interval [ Event Based Output
Processing 14:3112.000 147599000 Time Fiter Output
Titme: Increment; (0.00:5 Increment;  [1.000
(sec) (zec) [zec)

Figure 16A: POSProc SBET

> Quality of GPS Solution (Figure 17A)

Adjusts signal quality scale selection, from lowest (C/A) to highest (ID). The
adjustable diding scale represents the auto-detected quality of available GPS data (ID
= highest, C/A = lowest). ID = Integer Carrier Phase Differentia GPS, FD = Float
Carrier Phase Differential GPS, CD = Code Differential GPS, P = P-Code GPS, C/A
= Code GPS. Every time SBET/IIN isrun, the selected grade of accuracy becomes
the default setting.

Pritmary GPS | J

Cality: . ) ) . ;
cis P COr FD IC

Figure 17A: Quality of GPS solution

Note: The higher the quality factor, the more weight was put in GPS solutionin
GPS/INS Kaman filter.

» Output

0 Processing Time (sec), Entire Interval (checkbox): Delineates the total
quantity of available data output (Figures 18A, 19A).
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Cutpt Data

[w Entire Time Interval
Processing 14.3112.000 147599 000
Time
[zec)

Figure 18A: Entire Time Interval

Output Data

[ Enrtire Time Interval;
Proceszing
Tirme: |1 43112.000 |1 47599000
[zec)

Figure 19A: Customized Time Interval

o0 Time Increment (sec): Regulates how frequent available datais output in
thefile.

0 Kaman Filter Time Increment (sec): Regulates how frequent the Kalman
Filter datawill be output in thefile.

» Navigator Initialization (Figure 20A)

Mawigator Initialization

Initial Position Initial Welacity

[vw Inttialize from GPS [w Inttislize from GRS

Deg Min Sec l Decimal Degrees ]

il <o |
[954 CIEG | COgEd |

| |
| [ | [

Initial Attitude Aligment Control
W Initislize from GPS track Starting Aligriment
|C|:|arse leveling j

| Fire Align Heading Error (degrees)
| 7.200
|
|

Helg

=] o OK ‘ X Cancel

Figure 20A: Navigator Initialization

Initial Position
Initiad Velocity
Initial Attitude
Alignment Control:

O o0oo0oo
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Starting alignment is the alignment mode in which IIN starts. Coarse
Leveing to Fine Alignment are used to align the IIN inertial navigator
when theinertial data comes from an IMU.

1) Select Coarse Levelingif initia rall, pitch and heading are
completely unknown.

2) Select GC Coarse Heading Init 1if roll and pitch are known to
within 2 degrees accuracy but initial heading is unknown, and
GPS is selected as a source of velocity aiding data.

3) Select PC Coarse Heading Init 1 if roll and pitch are known to
within 2 degrees accuracy but initial heading is unknown, and
DVSor DMI is selected as a source of velocity aiding data.

4) Select GC Coarse Heading Init 2 if initial heading is known to
within 45 degrees accuracy, and GPS is selected as a source of
velocity aiding data.

5) Select PC Coarse Heading Init 2 if initial heading is known to
within 45 degrees accuracy, and DVS or DMI is selected asa
source of velocity aiding data.

6) Select Fine Alignment if initial heading is known to within Fine
Alignment Heading Error value (default is 10 degrees) accuracy.
Fine alignment heading error is the heading error in degrees at
which IIN transitions to Fine alignment mode. The default value
of 10 degreesis sufficient. You can select asmaller value, which
will postpone the transition to Fine Alignment mode. Y ou should
note that 1IN outputs smoother data only in Fine Alignment.

> Subsystems Setup (Figures 21A, 22A, 23A)
Level armsfor GPS, IMU and reference are inputted here.

Subsystems Setup

iU mu | Primary ops |
Frimary GPS
POS Type Lever Arm Coordinates Crientation
GARS
A il Erter Reference-=%ehicle Erter “Yehicle-=Reference
secondary GR lewver arm orientation :
flultipath
Dbl v HIGH |me’[er3 ﬂ |degrees ﬂ
Gitnkal Encodsr " MEDILM

Suliary 1 GRS Loy ¥ 0000 Rol 0000
Avxiliary 2 GPS Ii ]
GPS UTC Offset (s2c) Y Pitch {0000
13.000
£ |0.000 Yaw  (0.000

[ Stahilized Mourt

Figure 21A: Generd for Subsystems Setup
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Subsystems Setup

kAL

Primary GPS
FAME
Secondary GPS
Ditdl

Gimbal Encocler
Auxiliary 1 GPS

Avxiliary 2 GPS

General MU ]F‘rimary GF‘S]

Time Increment
[=econds])

0.00:500000 Enter Reference-=IMU lever

Delay arm

[=econds])
|meters ﬂ

0.00000000
¥ |0az24

v |0.000
I |-0.047

Lever &Arm Coordinstes

Figure 22A: IMU for Subsystems Setup

Subsystems Setup

[kl

Primary GPS
[P b
Secondary GPS
Dl

Gimbal Encocder
Auxilisry 1 GPS

Auxilisry 2 GPS

General ] IhALI

Fritnatry GRS l

Lewver Arm Coordinates
Time Incremeri

[seconds) Erter Reference-=GPS lever
1.00000000 = -
Delay |meters j
[=econds)

0.00000000

Process GPS Position

o |-0042
Y o |-0.003

eszurements
Process GPS Welocity F  |-10z2
eszurements

Figure 23A: Primary GPS for Subsystems Setup

1.d.3.Potential problems

> Kaman filter measurement rejections
1N will terminate, by default, after 50 continuous measurement rejections. This

impliesthat

Crientation

Erter Reference-=IMU
orientation :

|degrees ﬂ
Roll 0.000

Pitch  |-90.000
ey (0.000

Lewver Arm Stancard Deviation

Erter Reference-=GPS lever
arm s.d.

|meters j

¥ed, |0.020
Yoed. [0.020
Iz |0.020

1) theinertia and aiding sensor data are not consistent at the beginning of a
processing run or throughout the run, or
2) TheKaman filter error model isinconsistent with the inertial and aiding
sensor data. Measurement rejections during the critical alignment phase
can result in an abnormal alignment and a resulting inertial navigation
solution whose errors grow rapidly to the point that the Kalman filter
model of these errorsisno longer valid.
» Wrong Configuration: Anincorrect configuration may include an incorrect IMU,
GPS or POStype.
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» Wrong Geometry: An incorrect user-to-IMU frame geometry entered in the
Subsystems window can result in measurement rgjections. If the IMU is mounted
with the IMU frame rotated with respect to the user frame, then continuous
measurement rejections will likely occur.

» TimeAlignment Error: A key requirement for asuccessful integration of inertia
and aiding sensor datais good time alignment among the input data. Time
alignment impliesthat the time stamps on the various input data are accurate and
consistent with each other.

» DataGapsin IMU Data: Aninertial navigator computes a navigation solution
essentially by integrating the IMU data (it in fact solves Newton's equations of 6
degree-of-freedom motion on the éllipsoida rotating Earth). Continuity of IMU
dataisessential. An IMU data gap of more than one or two samplesresultsin a
sudden change in navigation accuracy that isinconsistent with the Kalman filter
error model of inertial navigator errors. Theinertial navigation solution becomes
inconsistent with the aiding sensor data and measurement rejections can result.
IMU data gaps are amost always caused by the IMU data acquisition system. If
continuous measurement rejections appear to begin after a period of seemingly
successful integration, then one or more IMU data gaps may be the cause.
Viewing pre-processed (extracted) IMU data records and anayzing the results of
the IMU continuity checking utility, at and around the time of measurement
rejection may help identify and isolate error sources. Forcing data at specific
error-ridden junctures may help resolve the problem.

> Incorrect Subsystem Error Statistics: If overly optimistic RMS errors arrive from
the GPS receiver or other aiding sensor, and adaptive measurements are selected,
thefilter findsincons stencies between the actual measurement errors and the
predicted accuracy, resulting in measurement rejections. Moving the GPS Type
dlide bar, in adecreasing GPS accuracy direction aswell asincreasing the
adaptive scale factor, and/or measurement RM S values, will help resolve the
problem.

» Coarse Leveling Failure: Starting the Coarse Leveling alignment mode during
accel eration maneuvers can cause coarse alignment failure where roll and pitch
are computed incorrectly to the vehicle dynamics. For best results, start the post-
processing integrated inertial navigation process when the vehicleis stationary or
moving at a constant velocity.
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APPENDIX B

Data processing and performance analysis
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Level arm (Table 4B)

User0/IMU lever arm 0.124 0.000 -0.047 | m
Reference |-USTOIMU Alignment Angles(R, P, Y) 0.000000 | -90.000000 | 0.000000 | deg

Primary GPS Anntenna lever arm -0.042 -0.003 -1.022 | m

Primary GPS Anntennalever aam s.d. 0.02 0.02 0.02| m

Table4B: Lever arm offsets
1l.e. Toledo dataset on Dec. 03 2002
1) DataDescription:

Toledo Dec. 03, 2002

The Applanix was "turned on" on the ground at OSU airport (approx. 10:05 AM). After about
10 minutes initialization on the ground we took off to our photo job in the Defiance area.
About 10:50 AM we flew a"figure 8" pattern somewhere over Northwest Putnam County
before starting taking any photo. The weather went bad so we decided to turn off the Applanix
in flight on our way to the Toledo Metcalf airport. In thisblock of data thereisno photo

events.

At 1:50 PM the Applanix was again turned on (in flight start) on our way to the Toledo areain
Lucas County for our next photo job.

At 15:30 the Applanix was turned off over Northern Lucas County in flight to OSU airport.

2) Base Stations (Table 5B)

Station Name PCL1XYZ PCL1BLH Comment
467314.198 41 16 37.27488 N
Defi -4777688.986 84 24 48.84760 W CORS
4185713.801 183.1981
574288.306 41 4 29.89682 N
Tiff -4780915.736 8391.41543 W CORS
4168842.402 211.7497
542671.7084 41 36 46.22400 N Trimble
Tldo -4744847.3164 8328 31.40175 W Office
4213652.4089 153.6196
494661.2160 40 18 37.26539 N
Sidn -4845525.5550 84 10 15.90730 W CORS
4104513.7730 293.5440
592757.0630 3957 35.11261 N
Colb -4859704.8780 8324474742 W CORS
4074681.1330 186.5667

Table 5B: Base Stations for Dec. 3, 2002 Toledo dataset
Note: PCL1: Phase Center for L1

3) Traectory (Figure 24B)
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Figure 24B: Trajectory for Dec. 3, 2002 Toledo dataset

Five base stations are available for this dataset with varying Base-Rover separations.
So, in order to utilize the nearest base stations, a strategy for GPS data processing can
be carried out as foll owed:

Divide the original GPS dataset into two datasets and use different base stations for
different segments. (Table 6B)

Start Time | End Time Forward Base Backward Base
Segment | 227165 230313 Calb Defi
Segment 1 240586 243020 Tldo Tldo

Table 6B: Two segments from the original dataset.
4) GPS Dataprocessing for Segment |

Processing using Base Station Colb
Options used (Table 7B)
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Category Sub Category Values
Process Direction Both
Process Process Data Type Dua frequency carrier phase
Static Initialization Float ambiguity or kinematic initialization
Dual frequency Use L2 for Ambiguity resolution
Dud : ) .
f measurement usage Use L2 for ionospheric processing
requency - - .
lonospheric processing | onosperic free model
C/A code: 3m
Standard deviation L1 phase 0.02m
Standard P2 code: 0.5m
deviation C/A code: 12m
Rejection tolerance L1 phase: 0.1m
P2 code: 2.5m

Table 7B: Options used to process dataset segment | using base station Colb
Note: Others options will be same as default.

24
22

Status

227500 228000 22300 228000 2258300 230000
Week 1195

= I GPS Timre Fec) | |

[w: 2273301 |v. 2382 |—Float |—Fixed (1 baseline) | Fixed (2 or more)  |Right click for more options

Figure 25B: Ambiguity fixed information for solution using Base Station Colb

Although the ambiguity fixed information for solution using base station Colb (Figure
25B) indicate good solution, however, the forward/backward separation (Figure 26B)
show bad agreement in the begin and at the end between forward and backward
solution. This should be the wrong solution is backward solution. The
forward/backward separation of solution using base station Defi (Figure 27B)
indicates a better agreement, even though this solution is based on float ambiguity.
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Figure 26B: Forward/Backward Separation of solution using base station Colb
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Figure 27B: Forward/Backward Separation of solution using base station Defi

Thefina solution can be achieved by combining the forward solution using base
station Colb and the backward solution using Defi (Figure 28B).
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Figure 28B: Combined solution from forward sol ution using base station Colb and

backward solution using base station Defi.
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Figure 29B: Position Standard deviation of the combined solution.
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Figure 30B: Combined RM S of the combined solution.
IIN Kalman Filter Data processing for Segment |

Problems exist when running IIN Kalman Filter
227846.004896 - Too many consecutive |IN neasurenent rejections

Different parameter configurations were tested to process the data, but all failed.

GPS Data processing for Segment |1

Processing using Base Station Tldo
Options were applied same as Table 7B.

The forward/Backward separation, the Combined RMS and position standard
deviation indicate that the solution is agood solution.
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Figure 31B: Forward/Backward Separation
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Figure 32B: Ambiguity Fixed information
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Figure 33B: Combined RMS

0.050
0.075
0.070
0.065
. 0oe0 l
£ qoss |
% 0.050 “ﬂ'"‘\ _—Jl.].
=
& 0ms | | qu
E 0.040 i I &/HIK_/& nf\] l\
] 0.035 ﬂ [ k\_‘ﬂ JvL I l I
Z 0.050 ‘J LJ[‘IHK‘J | ” j I{‘\—l Ll i J '”L
NS ey T
0.025 —
0.020 r L__rL_.Jnl—~—"l‘——"k\ |
g M N e
M 1
aono | Tl L U Al
241000 241500 242000 242500 243000
Week 1195
LI GPS Tinte §ec) | |

[%: 2410875 [v: 0066 |—East |—Morth |—Height |— Trace (with ppm)  [Right click for more options

Figure 34B: Position Standard Deviation
7) 1IN Kalman Filter Data processing for Segment 11
Successfully obtained the solution using default parameters

The zero-mean bound measurement residuals of N, E, D indicate correctness of 1IN
Kaman Filter (Figure 35B).
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Figure 35B: Measurement Residua
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Figure 36B: Estimated Errorsand RMS
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Figure 37B: Smoothed Estimated Errors and RMS
1.f. Franklin 670 dataset on Dec. 6 2002
1) DataDescription

Franklin 670 dataset on Dec. 6, 2002

Applanix turned on in flight 10:00 over Western Franklin County. Then we flew for
approx. 3 minutes straight and level. At 10:05 weflew a"figure 8" pattern. At 10:09
we started the climb up to the photo flight level.

On the site (over downtown Columbus), we flew until 10:28.

After flying straight for approx. 1 minute the Applanix was turned off in flight
heading East from Franklin Co to Fairfield County.

2) Base Stations (Table 8B)

Station Name PCL1XYZ PCL1BLH Comment

698831.4080 3939 39.03114 N

Mcon -4867123.7930 8149 45.12251 W CORS
4049241.1370 272.7985
634180.8892 40 22 56.57512 N

Mtvr -4824018.3128 82 30 38.38094 W CORS
4110605.4927 286.6493
494661.2160 40 18 37.26539 N

Sidn -4845525.5550 84 10 15.90730 W CORS
4104513.7730 293.5440
592757.0630 3957 35.11261 N

Calb -4859704.8780 83244.74742 W CORS
4074681.1330 186.5667

Note: PCL1: Phase Center for L1

3) Trgectory
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Ground Track From: 485993 To: 487786
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Figure 38B: Trajectory for Dec. 6, 2002 Franklin 670 dataset
4) GPS Solution
Time Problem
Therewas ajump in the RINEX file after the epoch
212 61529 46.0000000 0 7G 1G 2G 3G 6G25G13G20
Thetime jumped to
212 91533 20.5000000 0 6G 1G 2G25G13G 3G20
Wegot “9” to “6” since this epoch.
[L195 { 452400.0 ] [L195 { 489599.0 |

Figure 39B: Timeline for Base and Rover Stations after fixed the Time problem.

Note: The IMU data a so have the same time problem.

Traectory indicate that Colb should be the best base station
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Figure 40B: Forward/Backward Separation
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Figure 41B: Ambiguity Fixed Information
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Figure 42B: Combined RMS
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Figure 43B: Position Standard Deviation

IIN Kalman Filter solution

Successfully obtained the solution using default parameters

The zero-mean bound measurement residuals of N, E, D indicate correctness of 1IN

Kaman Filter (Figure 44B).
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Figure 44B: Measurement Residua
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Figure 45B: Estimated Errorsand RMS
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Figure 46B: Smoothed Estimated Errors and RMS
1.g. Defiance mapping dataset on Dec. 9 2002
1) DataDescription
Defiance mapping dataset on Dec. 9, 2002
Applanix start on the ground at OSU airport a 10:34
The photo job was in Defiance County from 11:32 to 11:49
Applanix turned off on the ground at the ramp in OSU airport.
2) Base Stations (Table 9B)
Station Name PCL1 XYZ PCL1BLH Comment
467314.198 4116 37.27488 N
Defi -4777688.986 84 24 48.84760 W CORS
4185713.801 183.1981
574288.306 41 429.89682 N
Tiff -4780915.736 8391.41543W CORS
4168842.402 211.7497
539114.21240 40 37 49.64124 N Trimble
Kntn -4817544.83072 83 36 53.27947 W Office
4131538.01516 265.9687
494661.2160 4018 37.26539 N
Sidn -4845525.5550 84 10 15.90730 W CORS
4104513.7730 293.5440
592757.0630 3957 35.11261 N
Colb -4859704.8780 83244.74742 W CORS
4074681.1330 186.5667

Table 9B: Base Stations for Dec. 9, 2002 Defiance mapping dataset
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3) Trgectory

4)

zroiand Track Froem: 1423080 Ta: 145300
i1 f= : :
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Figure 47B: Trajectory for Dec. 9, 2002 Defiance mapping dataset

GPS Solution

Tragectory indicates that Defi and Kntn should be the best base station, However,
resultsindicate that Kntn have worse performance than Defi.

The following results are based on solution using base station Defi.
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Figure 48B: Forward/Backward Separation
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Figure 49B: Combined RMS
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Figure 50B: Position Standard Deviation

5) 1IN Kalman Filter solution
Successfully obtained the solution using default parameters

The zero-mean bound measurement residuals of N, E, D indicate correctness of 1IN
Kaman Filter (Figure 52B).
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Figure 51B: PosProc Estimated Errorsand RMS
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Figure 52B: PosProc Measurement Residuals and RMS
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Figure 53B: PosProc Smoothed Estimated Errors and RMS

1.h. Defiance airport dataset on Dec. 10 2002
1) DataDescription

Defiance airport dataset on Dec. 10, 2002
Applanix turned on in flight at 10:43 near the site in Defiance County.

Applanix turned off on the air at 12:56

2) Base Stations (Table 10B)

3) Traectory (Figure 54B)

4) GPS Solution
The forward/backward separation of solution using Defi has a bad performance at the
end of the data, so another base station Woos was applied to get another solution. The

fina solution is based on the forward solution using base station Defi and backward
solution using base station Woos.
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Station Name PCL1 XYZ PCL1BLH Comment
467314.198 4116 37.27488 N
Defi -4777688.986 84 24 48.84760 W CORS
4185713.801 183.1981
574288.306 41 4 29.89682 N
Tiff -4780915.736 8391.41543 W CORS
4168842.402 211.7497
539114.21240 40 37 49.64124 N Trimble
Kntn -4817544.83072 83 36 53.27947 W Office
4131538.01516 265.9687
494661.2160 40 18 37.26539 N
Sidn -4845525.5550 84 10 15.90730 W CORS
4104513.7730 293.5440
592757.0630 3957 35.11261 N
Colb -4859704.8780 8324474742 W CORS
4074681.1330 186.5667
Woos CORS
Table 10B: Base stations for Dec. 10, 2002 Defiance Airport Dataset
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Figure 54B: Trajectory for Dec. 10, 2002 Defiance Airport Dataset
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Figure 55B: Combined RMS

RIVE ()

oo

050
045
040

035

T

025

020 ™ T T e i

Em— NN SR
o i ‘ R T il
A — PM
re] \ y
-0.20 \ Av.Ml
025 \ M M
-0.30 \ 'd ll
L Y

-0.40

045 w

-0.50

Separation {m)

\
=

0535
-0.60

063
-0.70

075

230000 231000 232000 233000 234000 235000 235000 237000
Wieek 1196

;l GPS Time §ec) =

m m lﬂ IW W \Right click for mare options:
Figure 56B: Forward/Backward Separation

73



High-Accuracy Direct Aeria Platform Orientation with Tightly Coupled GPS/INS System

Status

230000 231000 232000 233000 234000 235000 236000 237000
Week 1196

;I GPS Time Gec) &
[#: 2319235 [v: 2208 |—Float | Fixed (1 baseline) | Fived (2 oF more) [Rigkt click for more options

Figure 57B: Ambiguity Fixed Information

5) 1IN Kalman Filter solution
Successfully obtained the solution using default parameters

The zero-mean bound measurement residuals of N, E, D indicate correctness of 1IN
Kalman Filter (Figure 59B).
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Figure 58B: PosProc Estimated Errorsand RMS
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Figure 59B: PosProc Measurement Residuals and RMS
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Figure 60B: PosProc Smoothed Estimated Errors and RMS
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2. Addendum 1

2.b. Effects of GPS Data processing parameters

Numerous options provided in the GPS data processing PosGPS mainly focus on the
1) Usageof Pcode
2) Quality of Code and phase measurement
3) KAR engaged time and search region size
4) lonospheric modeling

All these options, different from default setting are recommended to try and compare
with the solution from default setting, only when problems exist in the solution from
default setting.

Here, as an example, “Use P Code in Kalman Filter” was used to test the effect.

» UseP Codein Kaman Filter

Applying this option, normally will increase the convergence speed, and sometimes
will lower the combined RMS, position standard deviation and forward/backward
separation, depending on the quality of P-code. Normally don’t apply this option.

Before (Figures 61B, 62B, 63B, 64B): => do not apply this option
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Figure 61B: Position Standard Deviation
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Figure 62B: Combined RMS
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Figure 63B: Forward/Reverse Separation
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After (Figures 64B, 65B, 66B): Apply this option
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Figure 64B: Position Standard Deviation
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Figure 65B: Combined RMS
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Figure 66B: Forward/Reverse Separation
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