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1 INTRODUCTION 

The iGPS/iSPACE system is a flexible, scalable, large volume coordinate measurement system that 

comprises a number of active transmitters and one or more intelligent receiver(s) along with 

sophisticated software (iSPACE). The coordinates of each receiver are determined in terms of the 

azimuth and elevation angles between each of the transmitters to the receiver. Each transmitter rotates 

and sweeps two fan-shaped laser beams throughout the working volume at approximately 40 rpm. The 

centre of the two fan-shaped beams are separated by 90° around the rotation axis and the beams are 

inclined by 30° either side of the vertical. An infrared strobe pulse is emitted at the start of every second 

rotation. Signal processing electronics associated with the receivers detect the strobe pulse and the 

passage of the two rotating beams. The azimuth and elevation angles between each transmitter and each 

receiver are determined by the relative timings of these light beam signals. Figure 1 shows an iGPS 

transmitter and a schematic representation of the rotating fan beams and the timing of the fan beam 

signals, t1 and t2, at the receiver relative to the strobe pulse. The horizontal and vertical angles between 

a transmitter and receiver pair are derived from the average of t1 and t2, and the difference between t1 

and t2, respectively. 

 

 

 

 

Figure 1 An iGPS transmitter (left) and a schematic representation of the rotating fan beams and their 

relative timing to the strobe (right). 

 

The receiver is a cylindrical photo detector coupled to signal processing electronics. 

 

Figure 2 Shows a Vector Bar – a combination of two receivers mounted in-line with a probing sphere – 

that can be used as a hand-held probe.  
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Figure 2 iGPS Vector Bar comprising two receivers in-line with a probe ball. 

 

The position (location and orientation) of each transmitter must be determined prior to use. This can be 

achieved by triangulation in a similar way to the bundle adjustment procedures familiar in 

photogrammetry. 

 

The iGPS/iSPACE product is sold in several standard configurations ranging from a four-transmitter, 

single vector bar system to an eight-transmitter system with reference receiver monuments plus multiple 

measurement receivers. The most basic four-transmitter system uses the known distance between the 

two receivers on the vector bar to introduce a length scale into the system, whereas the monument based 

setup use the calibrated coordinates of the monuments to provide scale and a self-monitoring ability. 

The flexibility of the system means that any of the standard configurations can be extended by adding 

more transmitters and/or receivers as necessary to improve accuracy, volume, or coverage. 

 

In this document, we describe aspects of good practice associated with deployment and use of iGPS. 

The accompanying software can be used to simulate an iGPS setup for any configuration of 

transmitters, receivers and calibration method. 

 

In the next section, we describe some of the main error sources specific to iGPS. Section 3 describes the 

different methods available for calibration. Section 4 gives instructions on how to use the simulation 

software that accompanies this document to investigate the likely performance of different setups and 

configurations of iGPS systems.  
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2 ERROR SOURCES 

The potential error sources associated with any metrology system can be broadly split into the following 

categories [
1
]: 

 

• The user 

• The instrumentation 

• The workpiece 

• The environment 

 

These topics have been covered in a generic sense in 
[1]

, which should be read in conjunction with this 

document, so here we will concentrate on instrument errors specific to iGPS. 

 

2.1 IGPS INSTRUMENT ERRORS 

The main sources of uncertainty associated with the iGPS system have been described by [
2
], they are : 

 

• System calibration 

• Multipath 

• Noise floor 

• Sensor orientation 

• Kinematic effects 

 

System calibration is discussed in section 3 below, the other sources of error are described briefly 

below.  

 

The iGPS system effectively derives its data from the relative timing of optical pulses detected at the 

receiver. Anything that affects the shape or timing of these pulses will degrade the measurement. 

 

2.1.1 Multipath 

A multipath error occurs when a pulse is detected at the receiver due to a reflected beam. The iGPS 

signal processing software is able to detect and filter reflected pulses so some extent. However, 

elimination of obvious sources of reflection is considered good practice. For example, when operating a 

receiver near floor level, or near some other reflective surface, non-reflective matting should be applied 

to the reflective surface to prevent reflections. Cardboard or carpet tiles are both work well. 

 

Multipath errors are more prevalent for systems deployed with fewer transmitters. Extra transmitters 

offer better multipath error rejection.   

 

2.1.2 Noise floor 

There is a trade-off between the noise floor setting and the operating range that can be covered. A low 

noise threshold will lead to smaller signals being detected and therefore increase range, but at the 

expense of the increased likelihood of multipath or false detection errors. 

 

The noise floor setting should be set carefully for the application. System calibration parameters will be 

different for different noise floor settings, so once the system is calibrated the noise floor settings 

should not be changed. Conversely, if the application or configuration changed, the noise floor should 

be carefully adjusted. 

 

2.1.3 Sensor orientation 

Each receiver is a cylindrical photo detector. The effective position of the detector therefore depends on 

its relative orientation to the transmitter, so the orientation of the receiver leads to a systematic error. 
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The system is able to compensate for this provided some information is available to allow orientation of 

the receiver to be determined. For example, the two receivers on the vector bar are rigidly coupled 

together allowing their orientation with respect to the transmitters to be determined.  

 

The accuracy of the correction will be better for smaller corrections, so it is advantageous to maintain a 

constant vertical orientation of the receivers if possible.  

 

2.1.4 Kinematic effects 

There is necessarily no synchronisation between the transmitters, so strobe and fan-beam pulses from 

the transmitters arrive at the detectors at slightly different times. If the receiver has moved during this 

time, an error will be introduced. 

 

2.1.5 Lines of sight 

The number of transmitters visible by a receiver also influences the accuracy of locating that receiver. 

The minimum number of transmitters visible to a receiver is two. However, the greater the number of 

transmitters and the larger their angular spread, the better. For higher accuracy applications a minimum 

of four and preferably eight transmitters should be considered. 
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3 SYSTEM CALIBRATION METHODS 

The iGPS/iSPACE system is flexible and configurable. There are endless possible configurations and 

means of calibration. There are three standard setups are offered by the manufacturers, with four, six or 

eight transmitters (know as 4-series, 6-series and 8-series).  

 

Each set-up can be configured in up to three different ways, the x-series, the s-series and the i-series. 

The different configurations refer to the method employed to calibrate the setup. 

 

3.1 X-SERIES 

The x-series is the simplest configuration. Calibration is achieved using a scale bar that is moved to 

different positions within the measurement volume. This is the lowest accuracy configuration. It has no 

health monitoring capability and is therefore applicable to short-term applications (in other words it 

requires more frequent calibration). Any drift in transmitter position due to, for example, environmental 

changes will not be compensated, so frequent calibration may be necessary. 

 

 

Transmitters 

Transmitters 

Transmitters 

Transmitters 

 

Figure 3 An example of an x-series configuration. 

 

The accuracy of the calibration will depend on the accuracy of the scale bar calibration, the length of 

the scale bar (the longer the better), the number of scale bar measurements made and the distribution of 

scale bar measurements within the volume. As a guide, the scale bar should be at least one third the 

length of the longest dimension being measured. 

 

3.2 S-SERIES 

The s-series configuration builds on the x-series by the addition of a number of fixed base stations. The 

base stations are fixed receivers positioned strategically within the volume. They are used by iSPACE 

to track drift in the system. This health monitoring capability makes the s-series configuration more 

suitable for longer-term applications (less frequent re-calibration). 
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Transmitter Transmitter 

Transmitter 
Transmitter 

Scale bar Scale bar 

 

Figure 4 An example of an s-series configuration with two scale bars. 

 

3.3 I-SERIES 

The i-series configuration is the most accurate configuration. It uses a network of fixed reference 

monuments to provide scale and system calibration. The position of each monument must be 

determined during setup using, for example, a laser tracker survey. 

 

 

Transmitter 
Transmitter 

Transmitter 

Monuments Monuments 

Monuments 

Monuments 
 

Figure 5 An example of an i-series configuration with four transmitters and four monuments. 

 

Once calibrated, the reference monuments provide a network of reference points against which the 

system can monitor drift, and establish scale.  
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This configuration is therefore the most robust and accurate.  

 

As an example, tests performed by NPL and the University of Bath [
3
] indicate that a setup with eight 

transmitters and a network of twelve receiver monuments calibrated using a laser radar was able to 

achieve a length measurement uncertainty of 170 µm (k=2) for lengths up to 12 m in a volume of 10 m 

x 10 m x 2 m. 

 

3.4 OTHER CONFIGURATIONS 

Other setups, not limited four, six or eight transmitters are, of course, possible. For example, more 

transmitters could be deployed to improve line-of-sight issues or to extend the measurement volume. 

The same methods of calibrating the setup, as described above, will apply.  

 

The simulation software that accompanies this document can be used to simulate the relative 

performance of different setups and configurations. Operation of the software is described in the next 

section. 
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4 SIMULATION SOFTWARE 

 

4.1 INTRODUCTION 

The iGPS simulation software was developed to allow the user to simulate different setups of an iGPS 

system using any combination of transmitters and receivers and to gain an understanding of the likely 

system performance. The current version allows users to load, view, analyse and save data acquired by 

iGPS systems.  

 

 

4.2 USING THE SOFTWARE 

There are three main sections in the current software. They are: “Load Data”, “View” and “Data 

Analysis”. Users should follow the order of the section when using the software. Users should be able 

to find detailed information about the software in the section “Help”. 

 

 

Figure 6 Main menu of the software. 

 

Users are required to input the information regarding the experimental setup and to load necessary data 

prior to performing the analysis. This can be done by load necessary data in “Load Data” section.  

 

 

Figure 7 User interface of “Load Data” section. 

 

In the “Experiment Setup” panel, users are required to input the number of transmitters, number of 

targets and number of vector bars. These settings are important particular if users opt to input data 

manually in the following section. Users also have to choose the way they would like to run the 

simulation. There are two approaches: “Measurement using scale bar” or “Measurement using 

monument”. Both the scale bar and the monument are rigid bodies. The difference between them is that 

the scale bar has two targets fixed on two ends and the monument can have three or more targets. 

Besides, we assume users use vector bars to collect data from the scale bar targets, but use fixed 

receivers to collect data from the monument targets. 
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Figure 8 Experiment setup panel. 

 

The structures of the two procedures “Measurements using Scale Bar” and “Measurements using 

Monument” are similar. An example of measurement using a scale bar is given in the following section. 

4.2.1 Data Loading 

Click the button “Confirm experiment setup”; the software then asks the user to load or input data, as 

shown in Figure 9. The user can either chooses to load data prepared in an Excel file or to input 

manually into the software. It is recommended to prepare the data in Excel so that they can be retraced 

in the future. If users select to load from Excel file, the size of the data is determined by the data loaded 

from Excel. However, if users choose manual input, the data size is determined by the information 

provided in the “Experiment Setup” section. Users can always change the “Experiment Setup” when 

need.  

 

   

Figure 9 Load Data section. Left-scale bar approach.  Right – monument approach. 
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4.2.2 Data Preparation 

In order to run the software it is important to prepare the following data beforehand. The list of data 

files required is given in Table 1. These data have to be prepared and stored using Excel with file 

extension .xls. All location information and scale information are prepared in millimetre units. 

 

Table 1 List of data files required. 

Scale Bar Approach Monument Approach 

Transmitter.xls Transmitter.xls 

VectorBar.xls VectorBar.xls 

Targets.xls Targets.xls 

Sigma.xls Sigma.xls 

ScaleBar.xls  Monuments.xls 

ID.xls ID.xls 

IA.xls IA.xls 

Note: the names are not compulsory.  

 

How to prepare the data file “Transmitters”: 

� Create an Excel file. (‘Transmitters.xls’ is suggested name.)  

� Create a new worksheet with name tau.  

� The data must be an nS × 6 matrix (nS is the number of transmitters). The first three columns 

are location of transmitters in Cartesian coordinates and the second three columns are 

orientation of those transmitters. The units are mm and degree respectively.  

� Do not add column name or row name in the file. 

 

Figure 10 An example of the data file “Transmitter”. 

 

How to prepare the data file for “Information of VectorBar”: 

� Create an Excel file. (‘VectorBar.xls’ is suggested name.) 

� Create two worksheets, one with name cc0 and the other with name sigC.  

� cc0 is the distance from the top sensor and the bottom sensor of the vector bar to vector bar 

probe centre. The unit of cc0 is mm. Therefore, one vector bar requires a pair of parameters. 

Assuming there are nV numbers of vector bars, there will be 2nV of parameters required. In 

Figure 11, there are two vector bars, both the same, overall 40 mm length, with sensors 20 mm 

apart.  

� sigC is the standard deviation associated with the cc0 parameters of the vector bar geometry. 

� Do not add column name or row name in the file. 
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Figure 11 An example of the data file “VectorBar”. Left – parameter “cc0”. Right – parameter “sigC”. 

 

How to prepare the data file for “Target Positions/Measured Data”: 

� Create an Excel file. (‘Target.xls’ is suggested name.) 

� Create three new worksheets, with name X, IU and sigC, where the targets location, the 

measurement strategy and the standard deviation of the target measurements can be stored 

respectively. 

� The target location is an nX × 3 matrix, where nX is the number of targets. The location is 

represented by (x, y, z) in Cartesian coordinates. The unit is mm.  

� The worksheet IU stores the measurement strategy. Assume each transmitter can see each 

target; the size of the data will then be an (nS * nX) × 3 matrix. The columns are target index 

(j), station index (k) and vector bar index (h). For example, the index of target 6 measured by 

station 1 using vector bar 2, will be [6 1 2]. See highlighted area in Figure 12.  

� The worksheet sigV stores the parameter that controls the size of the random perturbations of 

the two angles specifying the orientation of the vector bars. 
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Figure 12 An example of the data file “Targets”. Top left – parameter “X”. Top right – parameter “IU”. 

Bottom – parameter “sigV”. 

 

How to prepare the data file “Sigma”: 

� Create an Excel file. (‘Sigma.xls’ is suggested name.) 

� Set a worksheet with name “sig”. 

� There are four parameters required: sigAA, sigAR, sigEA and sigER. They are, respectively, the 

uncertainty of absolute value of azimuth angles, uncertainty of relative value of azimuth angles, 

uncertainty of absolute value of elevation angles and uncertainty of relative value of azimuth 

angles. 

 

 

Figure 13 An example of the data file “Sigma”. 

 

How to prepare the data file “ScaleBar”: 

� Create an Excel file. (‘ScaleBar.xls’ is suggested name.) 

� Set three worksheets with name “XD”, “IUD” and “sigD” respectively. “XD” stores the 

position of the scale bar target, where in this example, a 2 m scale bar is used. “IUD” stores the 

measurement strategy of the scale bar. Assume each transmitter can see each scale bar position; 

the size of the data will then be a 2nS × 3 matrix. The columns are scale bar target index (j), 

station index (k) and vector bar index (h). For example, the index of scale bar target 2 measured 

by station 3 using vector bar 1, will be [2 3 1]. See highlighted area in Figure 14. “sigD” is the 

standard deviation associated with the scale bar target distance measurements. 
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Figure 14 An example of the data file “ScaleBar”. Top left – parameter “XD”. Top right – parameter 

“sigD”. Bottom – parameter “IUD”. 

 

How to prepare data file “Monuments”: 

� Create an Excel file. (‘Monuments.xls’ is suggested name.) 

� Set three worksheets with name “XM”, “IUM” and “sigM” respectively. “XM” stores the 

position of the monument targets, where in this example, a square frame is used. “IUM” stores 

the measurement strategy of the monument. Assume each transmitter can see each point on the 

monument; the size of the data will then be a 2nS × 3 matrix. The columns are monument 

target index (j), station index (k). For example, the index of monument target 2 measured by 

station 3, will be [2 3]. See highlighted area in Figure 15.  “sigM” is the standard deviation 

associated with the monument target distance measurements. 

 

  
 

 

Figure 15 An example of the data file “Monuments”. Top left – parameter “XM”. Top right – parameter 

“sigM”. Bottom – parameter “IUM”. 

 

The last two Excel files ID and IA are required for data analyses.  

 

How to prepare data file “ID”: 

� Create an Excel file. (‘ID.xls’ is suggested name.) 

� Set the worksheet with name “ID”. ID is the index of targets for the inter-target distance 

calculation. It is an m × 2 matrix, where m is the number of inter-garget distances. The software 

will calculate the inter-target distance between the target XID(1)  and the target XID(2). For 

example, users have to input [3 2 1] in the file if the distance between target 32 and target 1 is 

required, see highlighted area in Figure 16. 
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Figure 16 An example of data file “ID”. 

How to prepare data file “IA”: 

� Create an Excel file. (‘IA.xls’ is suggested name.) 

� Set the worksheet with name “IA”. IA is the index of targets for the inter-target angle 

calculation. It is an n × 3 matrix, n is the number of inter-target angles. The software will 

calculate the inter-target angle between the side XIA(1) -XIA(2) and the side XIA(2) -XIA(3). For 

example, users have to input [1 14 7] in the file if the angle between side X1 -X14 and side X14 -

X7 is required, see highlighted area in Figure 17. 

 

 

Figure 17 An example of data file “IA”. 

4.2.3 Access data from user interface. 

The software allow user to edit data directly. Simply go to the corresponding section and make changes, 

see Figure 18 and Figure 19.  

 

 

Figure 18 Data input options. 

 

 

Figure 19 An example of editing data in the software 
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After the data has been loaded, go to  “View” from the top menu bar, and click “View Experiment 

Setup”, the experiment setup can be viewed. An example is shown in Figure 20. The software also 

provides the ability for the user to rotate or save the image by applying the corresponding command 

from the top menu bar. 
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Figure 20 An example of iGPS experiment setup 

 

4.2.4 Data analysis 

Clicking “Data Analysis” from the top menu bar, the software then guides user to setup parameters for 

analysis. Two parameters are required. One is the inter-target distance index ID, the other is the inter-

target angle index IA. The preparation of those indices has been introduced in section 4.2.2.  

 

 

Figure 21 Parameter Setup menu. 

 

 



NPL Report ENG 31     

 16

Click “View Results” from the top menu bar, a list of parameters will then be shown on the “Data 

Analyses” panel. There are five parameters provided in the current version of software, as shown in 

Figure 22. The explanation of these parameters is given in Table 2. 

 

 

Figure 22 The list of parameters. 

 

Table 2 Explanation of parameters. 

Uxsi Uncertainties in target (receiver) locations in Cartesian coordinates / µm. 

UtauC Uncertainties in transmitter locations in Cartesian coordinates / µm. 

UtauA Uncertainties in transmitter orientation in angles / arcsecond. 

dud Inter-target distances and uncertainties of distances between the targets ID(1) 

and ID(2) / mm. 

aua Inter-target angles and uncertainties of angles. The indices were specified as in 

IA / arcsecond. 

  

The user can select the parameters from the list on the panel to view. For example, when the user clicks 

parameter “Uxsi”, the software will display the value of this parameter and also plot the parameter on 

the right hand side of the panel. Examples of parameters Uxsi, UtauC and UtauA are given in Figure 

23, Figure 24 and Figure 25 correspondingly. 

 

Figure 26 shows the results of the parameter dud. dud is a (nX-1) × 2 matrix that includes d (inter-target 

distances) and ud (uncertainties of inter-target distances). The right hand side of the panel is the plot of 

ud against d.  

 

Figure 27 shows the results of the parameter aua. Parameter aua is a 2 × 2 matrix. It includes 

parameters a (inter-target angles) and ua (uncertainties of the inter-target angles). The right hand side of 

the panel is the three-dimensional plot of all targets. The angles investigated are highlighted in the 

figure on the right hand side of the panel. The numbers shown are the index of the targets. Users can 

rotation the image for best visualisation. 

 

All uncertainty calculation is based on 1=k .  

 
 

 



  NPL Report ENG 31  

 17

 

Figure 23 Investigation of parameter Uxsi.  
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Figure 24 Investigation of parameter UtauC. 
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Figure 25 Investigation of parameter UtauA. 
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Figure 26 Investigation of parameter dud. 
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Figure 27 Investigation of parameter aua.  

4.2.5 Save final results 

Click the “Save Data” on the “Data Analysis” window. The software will then save all listed parameters 

in a user defined .xls file.  
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