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ABSTRACT 
 
The Geocentric Datum of Australia 2020 (GDA2020) is Australia’s new national datum and 
based on a single, nationwide least squares network adjustment that rigorously propagates 
uncertainty. This paper provides a status update on the growing GDA2020 state adjustment 
and investigates three options to include Network Real-Time Kinematic (NRTK) observations 
and their Positional Uncertainty (PU) in the NSW survey control network via the GDA2020 
state adjustment. First, PU is empirically estimated based on a dataset of more than 1,500 
observations to obtain values that can be uniformly applied to all NRTK observations. Second, 
PU is calculated for each NRTK observation, based on the coordinate quality indicators 
provided by the Global Navigation Satellite System (GNSS) equipment. However, both options 
continue to treat NRTK observations as point-based position solutions, resulting in poor 
correlation with surrounding survey control marks. The third option overcomes this issue by 
exploiting the automatically computed GNSS baselines between NRTK observations and their 
Virtual Reference Station (VRS) to create a connected network that can be adjusted like a static 
GNSS network. Using a typical urban NRTK survey in Sydney as an example, it is shown that 
this method offers a rigorous computation of PU, while maintaining the quick and easy nature 
of NRTK positioning. 
 
KEYWORDS: GDA2020, least squares network adjustment, NRTK, Positional Uncertainty, 
Virtual Reference Station. 
 
 
1 INTRODUCTION 
 
The Geocentric Datum of Australia 2020 (GDA2020) is Australia’s new and much improved 
national datum, which was adopted in New South Wales (NSW) on 1 January 2020. This 
modern datum is defined in the International Terrestrial Reference Frame 2014 (ITRF2014 – 
see Altamimi et al., 2016) at epoch 2020.0 and based on a single, nationwide least squares 
network adjustment that rigorously propagates uncertainty (ICSM, 2021). 
 
DCS Spatial Services, a business unit of the NSW Department of Customer Service (DCS), is 
responsible for the establishment, maintenance and improvement of the state’s survey control 
network, which comprises more than 250,000 survey marks on public record made available to 
users via the Survey Control Information Management System (SCIMS). The backbone of the 
NSW survey control network is provided by CORSnet-NSW, Australia’s largest state-owned 
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and operated Global Navigation Satellite System (GNSS) Continuously Operating Reference 
Station (CORS) network. CORSnet-NSW currently consists of 202 stations, providing 
fundamental positioning infrastructure that is authoritative, accurate, reliable and easy-to-use 
for a wide range of applications (e.g. Janssen et al., 2016; DCS Spatial Services, 2022a). 
 
At present, the GDA2020 state adjustment incorporates approximately 96,000 survey control 
marks across NSW, i.e. 38% of the 250,000 marks on public record. Consequently, 62% of the 
marks have been transformed from the now superseded GDA94 to GDA2020. Uncertainties of 
these transformed GDA2020 coordinates cannot be computed until the underlying 
measurements are sourced and readjusted with a well-defined connection to datum in the 
GDA2020 state adjustment. DCS Spatial Services is accelerating the process of including 
additional survey marks into the state adjustment to improve user access to GDA2020 
coordinates and uncertainties, e.g. by using Geoscience Australia’s free online Global 
Positioning System (GPS) processing service, AUSPOS (Janssen and McElroy, 2020, 2022; 
GA, 2022). 
 
Given that Network Real-Time Kinematic (NRTK) observations are generally treated as point-
based position solutions, it is necessary to investigate how to assign realistic uncertainties that 
can be incorporated into the GDA2020 state adjustment. When using CORSnet-NSW, single-
base RTK positioning results can be expressed as a baseline to the CORS used and thus 
ingested. However, while NRTK has been shown to provide superior positioning quality 
compared to single-base RTK and is therefore preferable (e.g. Edwards et al., 2010; Wang et 
al., 2010; Janssen and Haasdyk, 2011), this process is not as straightforward. 
 
Positional Uncertainty (PU) is defined as the uncertainty of the horizontal and/or vertical 
coordinates of a point, at the 95% confidence level, with respect to the defined datum (ICSM, 
2020). It can be separated into Horizontal PU (HPU) for horizontal position and Vertical PU 
(VPU) for ellipsoidal height. HPU is expressed as the radius of a 95% circle of uncertainty, 
generally calculated from the standard error ellipse produced by a least squares network 
adjustment. VPU is a linear quantity and obtained by scaling the standard deviation by 1.96 to 
convert it to 95% confidence. A description of the practical implementation of PU in SCIMS 
can be found in Janssen et al. (2019). 
 
This paper provides an update on the growing GDA2020 state adjustment and explores three 
options to include NRTK observations and their uncertainties in the NSW survey control 
network. First, the feasibility of empirically estimating the PU of NRTK observations is 
investigated, although it is acknowledged that it is ultimately desired to compute uncertainties 
rather than estimate them. Second, the reliability of using coordinate quality indicators provided 
by the GNSS equipment to calculate PU on an occupation-by-occupation basis is explored to 
obtain PU values more tailored to each individual occupation. However, these two options 
continue to treat NRTK observations as point-based position solutions, which results in a lack 
of correlation with the surrounding network. The third option overcomes this issue by utilising 
the automatically computed GNSS baselines between NRTK observations and their Virtual 
Reference Station (VRS – see Landau et al., 2002) to create a connected network, which can be 
adjusted like a static GNSS network. It is shown that this offers a rigorous computation of PU, 
while maintaining the quick and easy nature of NRTK positioning. 
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2 GDA2020 STATE ADJUSTMENT 
 
Currently, the GDA2020 state adjustment consists of approximately 837,000 measurements 
between 111,000 stations, translating into about 96,000 SCIMS marks and making it the largest 
Jurisdictional Data Archive (JDA) in Australia. It was computed with DynAdjust (version 
1.2.2) using a phased-adjustment least squares methodology that provides rigorous uncertainty 
across the entire network (Fraser et al., 2021). The GDA2020 state adjustment includes about 
111,100 GNSS baselines, 17,800 baselines originating from AUSPOS sessions, and more than 
183,000 directions and distances each (Table 1). 
 

Table 1: Most common measurement types and quantities in the GDA2020 state adjustment. 
Measurement Type Quantity 
GNSS baselines 111,100 
AUSPOS baselines 17,800 
Directions 183,700 
Distances 183,500 
Height constraints (for 2D stations) 73,300 
Height differences 7,100 

 
In order to achieve this, DCS Spatial Services has developed and implemented several 
innovative, highly automated tools and workflows to prepare, process and ingest existing and 
new GNSS baseline data, AUSPOS datasets and street-corner traversing data. Over several 
years, efforts have been undertaken to source, harvest, clean and utilise legacy geodetic 
measurements (Haasdyk and Watson, 2013), build state-of-the-art GNSS CORS network 
infrastructure (Janssen et al., 2016), observe new high-quality GNSS measurements to connect 
the existing survey network to CORS (Gowans and Grinter, 2013), and systematically 
rationalise, maintain, upgrade and collect AUSPOS datasets at key sites across the NSW survey 
control network, including trigonometrical (trig) stations and Australian Height Datum (AHD) 
spirit-levelled marks (Gowans et al., 2015; Janssen and McElroy, 2021). 
 
Key components of these datum modernisation efforts have been the preservation and upgrade 
of survey infrastructure, including physical maintenance of permanent survey marks (including 
TS, PM and SS), and the update of metadata such as survey mark information in SCIMS and 
survey mark photographs. This will allow future users to achieve DCS Spatial Services’ vision 
of a PU of 20 mm in the horizontal and 50 mm in the vertical (ellipsoidal height) component 
anywhere in the state and to easily apply transformation tools to move between current, future 
and various historical datums and local working surfaces. 
 
In this context, it should also be noted that a single, state-wide levelling adjustment for NSW is 
currently being generated, based on data-mining existing levelling files in the DCS Spatial 
Services archive and the recently digitised historical levelling data that was used to define the 
AHD across the state. Currently, the NSW levelling adjustment comprises about 132,000 
measurements and 98,000 stations. While still underway, the enormity of this task and its 
benefits to the profession should not be underestimated. Victoria has already completed a state-
wide levelling adjustment, and other jurisdictions are now also starting similar projects. 
 
The profession is encouraged to contribute to the maintenance of the NSW survey control 
network and the timely update of survey information in SCIMS by submitting suitable 
AUSPOS datasets of at least 2 hours duration and related metadata via the DCS Spatial Services 
Customer Hub on our website (DCS Spatial Services, 2022b). The DCS Spatial Services 
Customer Hub is a new, user-friendly platform providing a central contact point to interact with 
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DCS Spatial Services and now the primary way for customers to make an enquiry, submit a 
data request and provide feedback. Similarly, Survey Operations can (soon) be contacted 
through the Customer Hub to submit AUSPOS datasets, Locality Sketch Plans (LSPs), 
Preservation of Survey Infrastructure (POSI) applications, trig station approvals, exemption 
applications and regulation approvals. Access to the Customer Hub is free and simple, after 
creating a one-time username and password. Through a ticketed system, users can track the 
status of their requests at any point in time, which enables DCS Spatial Services to manage 
these more efficiently and effectively. A practical guide to AUSPOS, including the 
requirements for successful AUSPOS datasets to be submitted to DCS Spatial Services, can be 
found in Janssen and McElroy (2022). 
 
 
3 EMPIRICALLY ESTIMATING THE PU OF NRTK OBSERVATIONS 
 
The first option to incorporate NRTK uncertainties into the GDA2020 state adjustment was to 
determine an empirical estimate of PU that can be applied universally to all NRTK 
observations. We examined a large and robust historical NRTK dataset collated from several 
projects conducted by DCS Spatial Services. Data was collected under a range of observing 
conditions typically encountered in surveying practice (with various NRTK cell sizes, different 
instruments and including centring errors), providing a suitable indication of real-world NRTK 
performance. Best practice guidelines were followed, including minimum observation times of 
2 minutes (windowing technique) and double (or more) occupations at least 30 minutes apart 
(ICSM, 2020; DCS Spatial Services, 2021). 
 
In order to obtain a realistic and representative estimate of NRTK PU in practice, the collated 
data was prepared based on the following criteria to remove large outliers: 
• Only marks with two or more occupations were used for comparison. 
• Only observations with successful ambiguity resolution were retained, here defined by a 

coordinate quality (CQ) value of below 0.050 m. 
• Marks showing a horizontal coordinate difference larger than 0.060 m between two 

occupations were removed. This value was chosen based on the standard deviation routinely 
applied by DCS Spatial Services for horizontal NRTK uncertainty using CORSnet-NSW in 
practice (0.014 m), by rounding up to 0.015 m and multiplying by 4. 

• Marks showing a vertical coordinate difference larger than 0.120 m between two 
occupations were removed. This value was chosen based on the standard deviation routinely 
applied by DCS Spatial Services for vertical (ellipsoidal height) NRTK uncertainty using 
CORSnet-NSW in practice (0.030 m) and multiplying by 4. 

 
After preparation, the dataset consisted of 1,535 observations on 756 marks across eastern NSW 
(Figure 1). The differences in horizontal coordinates and ellipsoidal height between double (or 
more) occupations on each mark were determined and analysed. It is recognised that this 
provides a measure of NRTK precision (repeatability) rather than accuracy with respect to 
datum. However, the Root Mean Square (RMS), at the 95% confidence level, of these 
coordinate differences is similar to a measure of PU and deemed a suitable approximation for 
everyday users. 
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Figure 1: Location of CORSnet-NSW sites and NRTK data collected across eastern NSW. 
 
The differences between multiple NRTK occupations on the same mark in horizontal position 
and ellipsoidal height were examined to determine an empirical, real-world estimate of PU. 
Histograms of these differences (799 in total) are shown in Figure 2, while descriptive statistics 
(minimum, maximum, mean, median, standard deviation and RMS) are summarised in Table 
2. 
 

 
Figure 2: (a) Horizontal coordinate differences and (b) ellipsoidal height differences between multiple NRTK 

occupations. 
 

Table 2: Descriptive statistics for 799 horizontal distances and ellipsoidal height differences between multiple 
NRTK occupations (all values in metres). 

Descriptive Statistic Horizontal Vertical 
Minimum 0.000 -0.106 
Maximum 0.060  0.108 
Mean 0.015  0.001 
Median 0.013  0.001 
Standard Deviation 0.010  0.030 
RMS at 95% CL 0.036  0.059 
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It is recognised that the PU values in the GDA2020 state adjustment are not normally 
distributed, but instead present as a skewed, right-tailed distribution (Janssen et al., 2019). For 
such a skewed distribution, the median provides a more robust measure of central tendency than 
the mean and is less susceptible to outliers. In this paper, both the mean and median values are 
shown to illustrate their agreement and that a normal distribution is suitable for the analysis 
presented here. 
 
The horizontal data shows a normal distribution with a slight positive, right-tailed skew, 
producing an RMS value of 0.036 m at the 95% confidence level (CL). Using a normal 
approximation, one can estimate that 95% of NRTK observations have horizontal coordinate 
differences below two standard deviations from the mean, i.e. below 0.035 m in this case. Given 
the slight skewness of the distribution, the 95th percentile was also calculated as a method of 
verification, returning 0.034 m and therefore showing good agreement. The vertical data 
provides an RMS of 0.059 m (95% CL). Using a normal approximation, it is estimated that 
95% of ellipsoidal height differences are within 0.061 m, and the 95th percentile (based on 
absolute height differences) returns 0.063 m to support this value. 
 
The results of this analysis were verified by comparison to a previous, extensive study 
quantifying the performance of NRTK across NSW at various distances from the surrounding 
CORS (Janssen and Haasdyk, 2011). In this previous study, the achievable precision was 
investigated over three consecutive days using multiple GNSS receivers at four different 
locations, while the achievable accuracy was determined by comparison to the NSW survey 
control network in seven test areas exhibiting a range of NRTK scenarios and cell sizes. 
 
Table 3 summarises the precisions achieved for 2-minute NRTK solutions over a range of 
distances from the surrounding CORS, expressed as RMS and converted to 95% CL to aid 
comparison. In addition, Janssen and Haasdyk (2011) quantified the achievable NRTK 
accuracy in GDA94 (based on 1-minute observation windows) as about 0.040 m (or better) in 
the horizontal and 0.060 m in the vertical component, again expressed as RMS at 95% CL, 
provided that recommended inter-CORS distances are used. 
 

Table 3: Precisions for NRTK solutions (2-minute observation windows) for a range of NRTK cell sizes 
(Janssen and Haasdyk, 2011). 

Distance to Nearest CORS (km) 6 15 50 
Horizontal RMS at 95% CL (m) 0.012 0.024 0.041 
Vertical RMS at 95% CL (m) 0.020 0.037 0.110 

 
Considering the densification of CORSnet-NSW since 2011 (Janssen et al., 2016), most of the 
data in the present study was collected in smaller NRTK cells, with the largest distance to the 
nearest CORS being 37 km. The empirically estimated values of 0.036 m (HPU) and 0.059 m 
(VPU) are therefore deemed comparable to the values stated in Janssen and Haasdyk (2011). It 
should be noted that the previous study was performed under more controlled conditions, so the 
effects of challenging observing conditions and centring errors had less impact than on the data 
presented here. 
 
In summary, this approach utilises historical data to assess real-world NRTK performance, 
providing empirically derived estimates of 0.036 m for HPU and 0.059 m for VPU. This 
simplistic method can be easily applied to all NRTK observations, including historical NRTK 
data. However, major limitations are that it provides estimated (rather than rigorously 
calculated) uncertainties and continues to treat NRTK observations as point-based position 
solutions, thus exhibiting poor correlation with surrounding marks. It is also acknowledged that 
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these values may not always be realistic, particularly under challenging observing conditions. 
 
 
4 COMPUTING PU BASED ON NRTK COORDINATE QUALITY OUTPUT 
 
The second option to introduce NRTK uncertainties into the GDA2020 state adjustment 
attempted to reflect the individual qualities of each NRTK observation in the computation of 
PU on an occupation-by-occupation basis, thereby introducing more rigor into its 
determination. We explored the feasibility of using coordinate quality (CQ) indicators provided 
by the GNSS equipment. CQ is usually calculated at the rover as the RMS of coordinate errors 
(generally based on ambiguity-fixed, double-differenced observations) and indicates how much 
the computed position is likely to deviate from the ‘true’ value. Research has shown that CQ 
values are prone to be overly optimistic, especially under difficult observing conditions (e.g. 
Edwards et al., 2010; Wang et al., 2010; Janssen and Haasdyk, 2011), hence this approach needs 
to be treated with caution. We assessed the reliability of CQ values, along with the possibility 
of quantifying the disparity between quoted CQ values and the actual quality observed through 
a scale factor to account for exaggerated CQ reporting. 
 
The method used to compute PU for NRTK observations was adapted from the Queensland 
Government’s cadastral survey requirements (QLD Government, 2021) and is based on the 
error propagation law. Instead of applying manufacturer specifications to estimate measurement 
uncertainty, the CQ output (i.e. standard deviation in Easting, Northing and ellipsoidal height) 
was used – see Bernstein and Janssen (2021) for details. It should be noted that this computation 
requires input of the PU of the reference station used, which is generally a VRS for NRTK with 
CORSnet-NSW, with the PU of a VRS not yet suitably quantified. Findings were then 
compared to the NRTK data presented in section 3 to determine how well the computed values 
match real-world results. 
 
It was found that all 756 marks investigated had calculated HPU values within the empirical 
estimate of 0.036 m obtained from the same dataset, with a median HPU of 0.023 m and a 95th 
percentile of 0.027 m. In the vertical, all values were significantly less than the estimated VPU 
of 0.059 m, with a median of 0.043 m and a 95th percentile of 0.049 m. In other words, 585 
marks (i.e. 77%) had a calculated HPU of 0.024 m or better, while 576 marks (i.e. 76%) had a 
calculated VPU of 0.045 m or better. The clearly optimistic nature of NRTK PU calculated by 
this method can be attributed mainly to using unrealistic CQ values. While the need to estimate 
the PU of the VRS is also acknowledged as a possible cause, the estimates chosen (HPU of 
0.020 m and VPU of 0.040 m) are rather conservative based on DCS Spatial Services’ 
experience of using NRTK in practice. 
 
Several studies (e.g. Edwards et al., 2010; Wang et al., 2010; Janssen and Haasdyk, 2011) have 
shown CQ values to be rather unrealistic in practice, being overly optimistic by a factor of up 
to 5-7. This is in part due to the CQ calculation not considering external errors such as multipath 
or centring errors. It would be beneficial for the user to have the option of specifying values for 
some of these errors in the GNSS rover software, which could result in more realistic CQ values. 
 
We therefore examined the feasibility of modelling the difference between the quoted CQ value 
and the measured precision. This can potentially provide a scale factor to be applied to the 
calculation, thereby aligning the computed PU with the observed precision of real-world NRTK 
observations. To assess the reliability of the reported CQ values, the ratio of the horizontal 
distance (or the absolute ellipsoidal height difference) between reoccupations on each mark to 
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the horizontal (or vertical) CQ output was computed for each occupation. 
 
As expected, most reported CQ values appeared to be overly optimistic as evident by a 
coordinate quality ratio larger than 1. In the horizontal component, 84% of the 1,535 
occupations delivered overly optimistic CQ values, with a median ratio of about 2.1. In the 
vertical, 65% of CQ values were overly optimistic, with a median ratio of about 1.6. The mean 
values were larger than the median, indicating that the dataset is affected by several outliers. A 
substantial number of observations produced CQ values that were optimistic by more than a 
factor of 4 (and up to a factor of 9) in both components. This is particularly of concern when 
attempting to determine a reasonable and reliable scale factor to calculate PU for NRTK 
observations with a sufficient level of rigor. 
 
Interestingly, and unexpectedly, the vertical CQ values appeared to be more realistic than the 
horizontal CQ values for the data investigated. Being conservative, a scale factor of 2.1 was 
applied to both the horizontal and vertical CQ values in the calculations, respectively, to obtain 
more realistic PU values. This produced the results shown in Figure 3, with descriptive statistics 
summarised in Table 4. 
 

 
Figure 3: Calculated (a) HPU and (b) VPU for NRTK observations based on CQ output scaled by a factor of 2.1. 
 
Table 4: Descriptive statistics for HPU and VPU, calculated based on CQ output scaled by a factor of 2.1 for 756 

marks (all values in metres). 

Descriptive Statistic HPU VPU 
Minimum 0.022 0.042 
Maximum 0.066 0.093 
Mean 0.032 0.053 
Median 0.030 0.051 
Standard Deviation 0.006 0.008 
RMS 0.032 0.054 

 
The median values of 0.030 m (HPU) and 0.051 m (VPU) are now more closely aligned with 
the observed quality computed in section 3 (0.036 m and 0.059 m, respectively), indicating that 
using scaled CQ values in the calculation of PU may be a feasible option for introducing NRTK 
uncertainties into the GDA2020 state adjustment. However, the scale factor may not be 
appropriate for all types of GNSS rover equipment due to differences in how CQ is calculated 
by various equipment manufacturers. Further research would be required to determine 
appropriate values for different receiver brands and models. Furthermore, the potential need to 
apply separate scale factors for the horizontal and vertical components should be investigated. 
 
In summary, this approach utilises reported CQ values in the calculation of PU, providing 
calculated PU values rather than universal estimates. While a scale factor can be applied to 
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account for the overly optimistic CQ output to obtain more realistic PU values, this does add 
statistical guesswork to a process that was intended to be a more rigorous alternative to the first 
option considered. The varying proprietary methods of CQ computation between makes and 
models of GNSS receivers add further complexity to the derivation of a reliable scale factor. 
This method also continues to treat NRTK observations as point-based solutions with 
uncertainties, thus exhibiting poor correlation with surrounding marks in the GDA2020 state 
adjustment, and historical data would have to be reprocessed. Consequently, it does not provide 
a significant advantage over the use of empirically derived values, while adding a degree of 
complexity. 
 
 
5 NETWORK ADJUSTMENT USING AUTOMATIC BASELINES 
 
NRTK observations are generally treated as point-based solutions with VRS data being 
discarded after computation, which causes issues when attempting to incorporate NRTK 
observations and uncertainties into a least squares network adjustment. Therefore, the third 
option investigated a network solution using the automatically computed baselines from the 
VRS to each observed station. Depending on field work practices, multiple observations share 
a common VRS and are therefore linked by GNSS baselines. A VRS generally remains active 
until the GNSS rover is turned off or moves more than 5 km away (Landau et al., 2002), i.e. a 
typical NRTK survey usually exhibits a high degree of connectivity. These connections 
potentially allow PU values to be rigorously computed via least squares analysis, facilitating 
simple integration of NRTK data into the GDA2020 state adjustment. 
 
While the VRS coordinates are computed from surrounding CORS data (with the CORS 
forming the backbone of the datum), it can be argued that the VRS itself is technically not 
connected to the datum. However, the VRS can be treated as a pseudo-datum station, with the 
connection to datum completed by deriving a baseline from each VRS to the nearest (or 
multiple) CORS. Following the philosophy applied by the Intergovernmental Committee on 
Surveying and Mapping (ICSM) for including National GNSS Campaign Archive (NGCA) data 
in the national GDA2020 adjustment, a connection to the two nearest CORS is used here. It is 
important to note that these derived baselines are not observations, but simply joins used to 
connect the VRS (and thus the survey) to the datum and to transfer the uncertainty of the datum 
connection through to the survey network in the adjustment. 
 
As such, this approach employs the automatically computed GNSS baselines between NRTK 
observations and their VRS together with a derived join between each VRS and the two nearest 
CORS to create a connected network, which can be adjusted like a traditional, static GNSS 
network (Figure 4). 
 

 
Figure 4: NRTK automatic baseline network being connected to datum via a join between each VRS and the two 

nearest CORS.  
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A typical urban NRTK survey incorporating 126 observations on 62 marks in Sydney, 
conducted by DCS Spatial Services over nine days in 2018, was investigated to illustrate this 
approach. Best practice guidelines were followed, with each mark occupied at least twice, at 
least 30 minutes apart, and for a minimum of 2 minutes (ICSM, 2020; DCS Spatial Services, 
2021). The use of multiple occupations on each mark adds redundancy, strengthens network 
geometry and helps minimise outliers. The resulting network exhibited a high degree of 
connectivity through the baselines automatically generated between VRS and observed mark. 
While the user has limited control over the network geometry created in this way, the network 
can be processed akin to a static GNSS survey. 
 
In order to perform a least squares adjustment and allow this survey to influence and be 
influenced by the datum, it must be connected to it. In this case, six control marks that are part 
of the GDA2020 state adjustment were observed to provide this datum connection, leaving 56 
marks to be adjusted. However, considering that a new VRS is generated when the instrument 
is turned off or moved more than 5 km from its original VRS location, some marks can 
potentially become isolated (or disconnected) from the network and datum. To ensure 
connection of all marks to the network, the VRS were treated as pseudo-datum stations joined 
to the nearest two CORSnet-NSW sites, which were then also constrained in the adjustment 
(Figure 5). In order to analyse the statistical results produced by this approach, and to obtain 
preliminary values of PU, this survey network was adjusted separately to the GDA2020 state 
adjustment. These PU values will be updated when this network is incorporated into the 
GDA2020 state adjustment. 
 

 
Figure 5: NRTK baseline network including the joins from each VRS to the two nearest CORS. 

 
The determination of NRTK uncertainty based on modelling the contributing errors is an 
ongoing area of research (e.g. Baybura et al., 2019; Ouassou and Jensen, 2019; Jongrujinan and 
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Satirapod, 2020). In this case, baseline weightings were chosen to mimic the standard deviation 
values (1σ) routinely applied by DCS Spatial Services for NRTK uncertainty in practice: 0.014 
m (horizontal) and 0.030 m (vertical). These values include allowance for to/from centring 
errors and have proven realistic in most practical observing conditions using CORSnet-NSW. 
While it is known that NRTK observations exhibit a small degree of distance dependency, 
recent studies have found no significant differences in NRTK solutions with baseline lengths 
of up to 40-50 km to the nearest CORS (Gökdas and Özlüdemir, 2020). Consequently, residual 
NRTK distance dependency can be ignored in this case. 
 
Since each observation is connected to the datum by two baselines (i.e. CORS to VRS and VRS 
to occupied mark) and to avoid inflation of the uncertainties through this join in the adjustment, 
these initial values were divided by √2 according to the error propagation law. This resulted in 
final weightings of 0.010 m (horizontal) and 0.021 m (vertical) for each baseline, with no 
distance dependency applied. 
 
As previously mentioned, the two CORS served as constraints in the fully constrained 
adjustment, along with the six GDA2020 control marks that braced the network. The median 
HPU of these eight constraints was 0.018 m, and the median VPU was 0.026 m. The adjustment 
achieved a variance factor of 0.9, which is expected for a network of this nature. In this case, 
as a business rule, DCS Spatial Services does not tighten the input standard deviations to 
achieve a variance factor of unity. Histograms of the resulting PU values are shown in Figure 
6, while corresponding descriptive statistics are summarised in Table 5. 
 

 
Figure 6: Calculated (a) HPU and (b) VPU for NRTK observations based on the NRTK baseline network. 

 
Table 5: Descriptive statistics for HPU and VPU, calculated based on the NRTK baseline network for 56 

adjusted marks (all values in metres). 

Descriptive Statistic HPU VPU 
Minimum 0.025 0.039 
Maximum 0.028 0.047 
Mean 0.026 0.043 
Median 0.026 0.043 
Standard Deviation 0.001 0.002 

 
The adjustment provided individual uncertainties for each NRTK observation, with median 
values of 0.026 m (HPU) and 0.043 m (VPU), i.e. about 0.010 m and 0.015 m better than the 
empirical estimates obtained in section 3. This can be explained by improved geometry and 
redundancy due to the network adjustment. These preliminary results demonstrate the 
appropriateness of the observational weighting strategy used and that this method can provide 
reliable results. 
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Of the three options explored to incorporate NRTK observations and their uncertainties into the 
GDA2020 state adjustment, this provides not only the most rigorous method of computing PU, 
but the baseline data format also allows easy integration into the least squares network 
adjustment. Furthermore, these benefits come at no expense to field work time or complexity, 
and the processing load is only marginally increased compared to the traditional NRTK 
processing methodology followed by DCS Spatial Services, once CORS-to-VRS baseline 
derivation is automated. NRTK was intended to be a rapid and precise form of positioning, and 
this method manages to maintain this spirit whilst providing more in-depth statistical analysis 
and quality reporting. However, one weakness of this method is the difficulty of applying it to 
historical data, with each NRTK survey needing to be adjusted individually. 
 
 
6 CONCLUDING REMARKS 
 
Australia’s new national datum, GDA2020, is based on a single, nationwide least squares 
network adjustment that rigorously propagates uncertainty. On behalf of the Surveyor-General, 
DCS Spatial Services has a legislative, regulative responsibility to establish, maintain and 
improve the NSW survey control network. As the GDA2020 state adjustment continues to 
grow, efforts are underway at DCS Spatial Services to further increase user access to Positional 
Uncertainty for survey marks on public record via SCIMS. This paper has provided a status 
update on the GDA2020 state adjustment and investigated three options to include NRTK 
observations and their PU in the NSW survey control network. 
 
First, the PU of NRTK observations was empirically estimated to be 0.036 m (HPU) and 0.059 
m (VPU), based on a robust historical NRTK dataset of 1,535 observations on 756 marks 
collected under typical conditions encountered in surveying practice. Second, the PU was 
calculated individually for each NRTK observation, based on the coordinate quality indicators 
provided by the GNSS rover, resulting in overly optimistic values. A scale factor of 2.1 was 
applied to obtain more realistic CQ values, delivering uncertainties of 0.030 m (HPU) and 0.051 
m (VPU). However, this added complexity and statistical guesswork to a process that was 
intended to be more rigorous than the empirically derived PU estimate. Both options continue 
to treat NRTK observations as point-based position solutions, resulting in poor correlation with 
surrounding survey control marks. 
 
The third option overcomes this issue by handling NRTK data in an entirely different manner. 
It employs the automatically computed GNSS baselines between NRTK observations and their 
VRS and derives a join between each VRS and the two nearest CORS to create a connected 
network, which can be adjusted like a static GNSS network. Using a typical urban NRTK 
survey incorporating 126 observations on 62 marks in Sydney as an example, PU was calculated 
to be about 0.026 m (HPU) and 0.043 m (VPU), comparing reasonably well to empirical 
positioning quality and user experience. 
 
It was demonstrated that this method offers a rigorous computation of PU, while maintaining 
the quick and easy nature of NRTK positioning. These benefits come at no expense to field 
work time or complexity, requiring only a slightly more involved processing strategy (network 
adjustment rather than site transformation) and a tool to generate the derived baselines between 
CORS and VRS necessary for the join. The need for each historical NRTK survey to be adjusted 
separately is a reasonable price to pay for this rigorous and comprehensive solution. Current 
work investigates tweaking the observational weighting strategy to optimise the inclusion of 
NRTK observations with realistic uncertainties in the GDA2020 state adjustment. Adoption of 
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this methodology will allow NRTK data to be rigorously included in the GDA2020 state 
adjustment, thus enabling DCS Spatial Services to further maintain and improve the NSW 
survey control network. 
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