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Recently, an accurate positioning has become the kernel of autonomous navigation with the rapid growth of drones including
mapping purpose. The Network-based Real-time Kinematic (NRTK) system was predominantly used for precision positioning
in many fields such as surveying and agriculture, mostly in static mode or low-speed operation. The NRTK positioning, in
general, shows much better performance with the fixed integer ambiguities. However, the success rate of the ambiguity
resolution is highly dependent on the ionospheric condition and the surrounding environment of Global Navigation Satellite
System (GNSS) positioning, which particularly corresponds to the low-cost GNSS receivers. We analyzed the effects of the
ionospheric conditions on the GNSS NRTK, as well as the possibility of applying the mobile NRTK to drone navigation for
mapping. Two NRTK systems in operation were analyzed during a period of high ionospheric conditions, and the accuracy and
the performance were compared for several operational cases. The test results show that a submeter accuracy is available even
with float ambiguity under a favorable condition (i.e., visibility of the satellites as well as stable ionosphere). We still need to
consider how to deal with ionospheric disturbances which may prevent NRTK positioning.

1. Introduction

The Global Navigation Satellite System (GNSS) is widely
used for accurate positioning in various civil applications.
The stand-alone positioning using C/A code pseudoranges
is the most popular approach for aviation and/or ground
vehicle navigation. However, a submeter or better accuracy
is required for Mobile Mapping System (MMS) or smart cars
for identifying lanes, especially, the Lane Departure Warning
System (LDWS) or Advanced Driver Assistance Systems
(ADAS). Contrary to the ground vehicle, there is no desig-
nated paths for drones, which make it difficult to provide
accurate control points. Rather than code-based GNSS
positioning in either stand-alone or differential mode, the
carrier phase observables are commonly used for precision
geodetic and surveying applications where an accurate
positioning is the most important consideration. A Real-
time Kinematic (RTK) approach can provide a centimeter-

level accuracy in a favorable environment. A more accurate
and stable positioning technique was first proposed in
mid-1990 by rigorously modeling all error components
based on a network of known references, called Network-
based RTK (NRTK) technique [1–3]. Since then, several
methods were developed and applied in practice such as
Virtual Reference Station (VRS), Flächen Korrektur Parame-
ter (FKP), and Master-Auxiliary Concept (MAC), which are
basically similar approaches [4–7].

With a widespread use of drones in the field of geoin-
formation, we need to understand the accuracy require-
ments for the topographic mapping purpose in an open
sky. For an accurate position of the camera exposure, it
is necessary to achieve decimeter accuracy of the drones
in 3-dimensional. Even with the carrier phase observa-
tions, it is challenging to reach such an accuracy without
proper integer ambiguity resolution. However, it is well
known that fixing integer ambiguity of the carrier phase
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signals is difficult, or sometimes exaggerated errors may
occur on the resolved ambiguities depending on the geo-
metric configuration and/or surrounding environment.

Therefore, we analyzed the stability and the accuracy of
NRTK systems under various conditions to verify the possi-
bility of applying this to drone navigation. We used the
currently available NRTK systems in Korea for the test. The
National Geographic Information Institute (NGII) of Korea
is operating two NRTK services, that is, VRS and FKP
[3, 8]. The reference stations of Korea are densely located
ranging from 30 to 50 km for most of the baselines, which
should be a worthy infrastructure for NRTK positioning.

2. NRTK System

2.1. Overview of NRTK System. The accuracy and stability of
NRTK are considerably affected by the ambiguity resolution
of the carrier phases [9–11]. However, it is difficult to accom-
plish accurate resolution due to many factors such as insuffi-
cient number of observations, the distance to the reference
stations, the signal blockage near the moving rover, and the
erratic ionospheric condition [12]. Therefore, it is necessary
to understand the relationship with an external information
(e.g., ionospheric conditions) to apply for drone navigation,
especially for topographic mapping purposes in an open
sky. These analyses were conducted in two ways, that is,
(1) internal factors of NRTK technique and GNSS receiver
specification and (2) the satellite configuration, the behav-
ior of the rover, and the space radio signal disturbance as
external factors.

The NRTK correction information is generally transmit-
ted to the user (mostly the rover) via Radio Technical Com-
mission for Maritime Services (RTCM) format, although the
proprietary format such as Compact Measurement Record
(CMR) or CMR+ is also available [12–14]. The RTCM
Special Committee (SC) 104 on Differential GNSS (DGNSS)
provides the standards for differential GPS and RTK opera-
tions. The RTCM was mainly used for the correction
information in this study.

2.2. NRTK Reference Network of Korea. The actual NRTK
surveying was conducted for kinematic positioning of
ground vehicles across the country, instead of a real drone
like a multicopter, due to the limitation of payload of the
receivers. In addition, the static NRTK positioning was also
carried out using zero-baseline configuration. The reference
network of Korea at the time of the experiment is shown
in Figure 1.

Although two NRTK systems were operational by the
same institute (NGII), the reference network for the two
systems is not the same due to the different licensing policy.
In addition, the spatial density of the NRTK reference net-
work is not identical to both systems. While VRS uses all
Continuously Operating Reference Stations (CORS) for
modeling of the correction information, only 30 CORS are
involved in the network of FKP. The performance and the
stability of the two systems can change depending on the
internal and/or external environment of the receiving system
(mostly the rover). The status of the rover can be either static

(stationary) or kinematic (moving), and the same condition
should be guaranteed during the experiment except the
NRTK techniques.

2.3. System Configuration of the Study. We set up a system
to test NRTK performance and stability in three cases.
Figure 2 shows the basic system configuration where the
GNSS antenna (Leica GRX1200) was installed in an open
sky rooftop by splitting the signal to ensure the identical con-
dition of the two systems. The correction information was
sent to the receiver via serial port, and the NRTK solutions
were transferred back to the main computer through the
same ports. Each receiver was set up to conduct NRTK posi-
tioning with the corresponding correction information of
VRS or FKP.

The two other cases of the study have basically the same
system configuration, but some modification was applied to
the GNSS receivers, antenna, and/or the mode of operation
(static or kinematic).

3. Experiments

It is generally known that the integer ambiguity resolution is
essential for high-accuracy NRTK solutions based on the
carrier phase observations. We used a dual-frequency GNSS
receiver as well as a single-frequency low-cost receiver for
static and/or kinematic positioning. Three experiments were
conducted to evaluate the performance of NRTK systems in
different environments and the effect of positioning modes
(see Table 1). First, since the NRTK performance is generally
affected by the atmosphere [15, 16], especially ionospheric
disturbances, we analyzed two types of NRTK systems
under restricted experimental conditions (case 1). For this
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Figure 1: Configuration of NRTK network of Korea [8].
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experiment, the same type of GNSS receivers was connected
to a single antenna on the rooftop of a building by splitting
the signals. The main objective is to evaluate the effect of
ionospheric conditions on the NRTK performance.

The second test (case 2) was carried out in a static mode
where both receivers were connected to a single antenna,
similarly to case 1. In this case, however, we analyzed the
performance of two NRTK techniques with identical
receivers, as well as different grades of GNSS receivers. The
last experiment (case 3) is a kinematic NRTK positioning
with a low-cost receiver with respect to a geodetic grade
receiver. Every single epoch of NRTK solutions was analyzed
for 24 hours. In kinematic positioning, the success rate of
the ambiguity resolution was mainly evaluated along with
relative baselines with respect to the reference solution.
All experiments used the RTCM message as a principal
data format, and CMR/CMR+ was also used for some
VRS operations.

3.1. Effect of Ionospheric Condition (Case 1). As already
known in GNSS community, the double-differenced observ-
ables can eliminate the satellite and receiver clock biases,
orbit errors, and interchannel biases [17]. However, atmo-
spheric delays, such as ionosphere and troposphere, still

remain in the observables; thus, these should be eliminated
for precision positioning and stability of the system. A new
approach was proposed to deal with these atmospheric delays
in RTK [1]. It is difficult to eliminate the ionospheric residual
errors even with NRTK when the atmospheric disturbance
occurs due to a solar flare. Therefore, it is still a critical issue
to minimize the effects of space radio signal disturbances on
NRTK. The Korean SpaceWeather Center (KSWC) forecasts
the disturbance grades for every event. As can be seen in
Table 2, several geomagnetic disturbances and radio black-
outs happened during the entire period of the experiment
from September 26 to October 31, 2013. We compared the
effects of solar flares, radio signal blockages, and geomagnetic
disturbance on NRTK and analyzed the degradation of the
system performance by these disturbances.

There was no significant degradation of the NRTK
accuracy and stability in the case of the disturbance stage
1 (see Figure 3). However, the FKP system seems not to
work properly for stage 2 or 3. Particularly, two warnings
in stage 3 on October 25, 2013, prohibited the users from
accessing the FKP server, and there were cases that the
performance was highly correlated with the disturbances.
Therefore, it is necessary to consider the signal disturbances
to apply NRTK for the navigation of the drones.
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Figure 2: Systematic configuration for the comparison of static NRTK solutions (VRS versus FKP) [3].

Table 1: Overview of the experiment for NRTK positioning.

Case 1 Case 2 Case 3
Component VRS FKP VRS FKP VRS VRS

Receiver Trimble 5700 Trimble R6 Trimble R6 ublox EVK-6T

Frequency L1/L2 L1/L2 L1/L2 L1

Sampling 1Hz 1Hz 1Hz

Period 1 month 5 days
1.5 h (ublox)

11 days (Trimble R6)

GNSS GPS GPS +GLO GPS +GLO GPS

Antenna Leica AT504GG Internal Internal Patch type

Protocol CMR RTCM 3.1 CMR RTCM 3.1 RTCM 3.1

Common epochs 165,719 7516 3462

Fixed epochs 116,023 6989 3251 306

Software Internal Internal Internal Internal Internal RTKLIB
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3.2. Characteristics of NRTK Systems (Case 2). For the analy-
sis of the NRTK characteristics, we conducted a long-term
experiment with two currently operating NRTK systems of
Korea. Two identical GPS receivers were connected to a
single antenna on the open sky rooftop. The resulting output,
GGA message (fix information) of National Marine Elec-
tronics Association (NMEA) sentences, was saved at 1Hz
rate for 5 days, and the CMR (VRS) and RTCM 2.3 (FKP)
were used as a communication protocol to compare different
NRTK techniques (see Table 3).

Based on 5days of NRTK survey in a static mode, the
integer ambiguities were resolved to be 99.6% and 88.6%
on average for VRS and FKP, respectively. The horizontal
error of VRS solutions was less than 5 cm for all epochs
with fixed ambiguities, while almost 94% of FKP solutions
were ensured within 5 cm. Therefore, it can be concluded

that VRS is relatively more stable than FKP in a normal
condition (see Table 4).

On the other hand, the daily solution shows that ambigu-
ity fixing rate for VRS was consistently stable for the entire
period. However, there were some variations in the case of
FKP, ranging from 82% to 91%, particularly almost a 17%
difference on December 17, 2012 (see Figure 4).

To analyze the reason of this gap, we classified the data
into two groups, that is, daytime (UTC 0–9, which corre-
sponds to 9 am to 6 pm in local time) and nighttime (UTC
9–24). It shows that the ambiguity fixing rate of FKP during
daytime is clearly worse than nighttime, while there is no
significant difference for the VRS system (see Table 5).
Based on the results, it can be concluded that the FKP sys-
tem is more sensitive to ionospheric disturbances than
VRS. The overall ambiguity fixing rate reached 97.92%
when adding GLONASS in the long run [19]. In addition,
FKP shows similar statistics as VRS in positioning accuracy
when the integer ambiguities are fixed (3.7± 2.1 cm). There-
fore, GLONASS needs to be included when the FKP system
is used, which will certainly increase the stability of the
NRTK positioning results.

Table 2: Disturbances and radio signal interruptions during the experiment [8].

Type Local time (start) Grade Local time (end) Max. value

Geomagnetic disturbances 2013-10-09 06:00 G1 2013-10-09 15:00 Kp = 5

Geomagnetic disturbances 2013-10-09 18:00 G1 2013-10-09 21:00 Kp = 5

Radio blackout 2013-10-24 09:26 R2 2013-10-24 09:36 M9.3

Radio blackout 2013-10-25 16:59 R3 2013-10-25 17:09 X1.7

Radio blackout 2013-10-25 23:58 R3 2013-10-26 00:12 X2.1

Radio blackout 2013-10-28 10:58 R2 — M9.5

Radio blackout 2013-10-28 11:02 R3 2013-10-28 11:13 X1.0

Radio blackout 2013-10-28 13:41 R2 2013-10-28 13:46 M5.1

Radio blackout 2013-10-30 06:48 R2 — M9.4

Radio blackout 2013-10-30 06:50 R3 2013-10-30 07:01 X2.3
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Figure 3: NRTK positioning errors (fixed and float solutions) with
respect to the ionospheric disturbances [3].

Table 3: Summary of two NRTK surveying [18].

UTC 2012-12-15–19 (5 days)

Receiver/antenna Trimble 5700/Leica AT504GG

NRTK VRS/FKP

Protocol CMR (VRS), RTCM2.3 (FKP)

GNSS GPS

Table 4: Accuracy of NRTK solutions [18].

Component Error (m)
Fixed

solution (%)
Ambiguity

fixing rate (%)
VRS FKP VRS FKP

North
≤0.03

99.7 80.8

99.6% 88.6%
East 100 93.1

North
≤0.05

100 93.4

East 100 95.5
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3.3. Mobile Application of NRTK (Case 3). The NRTK correc-
tion information was applied to kinematic positioning with
the same system configuration as the static case. The geodetic
class receiver equipped with an internal antenna (Trimble
R6) was used at one hand, where NRTK positioning was
accomplished within the receiver. As a rover, the low-cost
single-frequenccy GNSS receiver (ublox EVK-6T) was con-
nected to the same antenna for checking receiver

performance, and the NRTK positioning was done by
RTKLIB open source software.

Since the ambiguity resolution is the key to NRTK posi-
tioning, we analyzed the time to first ambiguity fixing
(TTFA) based on 100 times of practices for the low-cost
GNSS sensors. The interesting thing is that even the low-
cost receiver shows a high performance due to the antenna
of GNSS CORS, as was seen in the static case. The results
showed unstable duration ranging from several seconds up
to 80 minutes, and the integer ambiguities were fixed within
several minutes for more than half of epochs. Figure 5 shows
the TTFA result that behaves differently depending on the
date of observation. The best performance in ambiguity
fixing time was accomplished on June 5, 2015.
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Figure 4: Daily ambiguity fixing rates.

Table 5: Ambiguity fixing rate by the time of day [18].

Time
Ambiguity fixing rate (%)
VRS FKP

Daytime (UTC 00–09) 99.2 70.9

Nighttime (UTC 09–24) 99.2 94.2
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Figure 5: Time to first ambiguity fixing (TTFA) by dates.
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Figure 6: Comparison of NRTK solutions in kinematic mode.

5Journal of Sensors



It is understood that the initialization was not performed
properly when reestablishing GNSS receivers to measure
TTFA, and the ionospheric condition may be considerably
related with the performance of the ambiguity resolution.
Therefore, it is concluded that the initial ambiguity fixing
can be accomplished within several minutes on average.
Since the dual-frequency GNSS receivers usually fix the inte-
ger ambiguity in a few seconds, the ambiguity fixing rates
can be significantly dropped down for moving single-
frequency receivers.

As an additional experiment, we analyzed the perfor-
mance of NRTK based on a low-cost GNSS receiver in
moving environment but with a patch-type antenna. As
mentioned before, the baseline length between detachable
GNSS antennas was estimated beforehand. Overall 1043
epochs of measurements were used to estimate the horizontal
baseline lengths, resulting in about 1.52m with a standard
deviation of 0.58m. Therefore, the bias can affect the NRTK
results at a level of about 1 meter. Figure 6 shows the result of
the EVK-6T solution with respect to the reference solution by
Trimble R6. As expected, it is difficult to resolve the integer
ambiguities with low-cost GNS receivers in a moving con-
dition (only 8% of epochs were fixed to integer). Even the
solution with fixed ambiguities shows a similar accuracy as
float solution. Since the low-cost receiver can hardly fix
the integer ambiguities and may produce outliers in kine-
matic mode, we set up criteria to eliminate these outliers
to calculate the reasonable horizontal baseline lengths. If
we assume the outliers to be over 1.5m, there is no signif-
icant difference in the stability between a fixed solution
(1.14%) and a float solution (2.5%), and the outliers are
at a level of a few meters.

Lastly, two geodetic grades of the NRTK receiver with
the same type (Trimble R6) were firmly installed on top
of a roof of a car with the baseline length of 21.6 cm
(see Figure 7).

Each R6 receiver is connected to a VRS and a FKP server
to perform NRTK positioning, and the horizontal baseline
vector was estimated to evaluate the performance of both
systems. The calibrated baseline length is 21.6 cm which is
considered to be the true value. Assuming the direction

remains constant during the consecutive epochs, we calcu-
lated the horizontal component of the vector for the analysis
of NRTK navigation performance. A total of 11 days of
NRTK tests were conducted across the country (see the blue
lines in Figure 1). Table 6 shows the statistics of relative posi-
tioning of two NRTK solutions. The solution can provide
a result within several centimeters of precision for a fixed
ambiguity, but several meters of uncertainty with about
1.5m of bias is expected for the float solution. The integer
ambiguity fixing rates are 78.42% and 68.29% for VRS and
FKP, respectively. When compared with the static NRTK
positioning, the ambiguity resolution rates were decreased
about 20%, but still VRS system shows slightly better per-
formance than FKP.

4. Summary and Conclusions

We analyzed the effect of the atmospheric disturbances on
NRTK positioning as well as the performance of the sys-
tem in static and/or kinematic mode. A decimeter level
accuracy is preferable for the high-accuracy drone naviga-
tion for topographic mapping in an open sky. Three cases
of experiments were conducted for two currently operating
NRTK systems (VRS and FKP) in this study. Since the
ambiguity resolution is the most important factor for pre-
cision NRTK positioning, we analyzed the performance
and the stability of the NRTK system in several aspects:
the (1) NRTK techniques, (2) GNSS receiver performance,
and (3) status of the rover. In a static mode, there is a dif-
ference in the NRTK performance depending on the tech-
nique, that is, VRS showed a higher stability than FKP.
FKP seems to be influenced by the ionospheric condition
when the results are classified into time of observation.

VRS FKP

VRS

FK
P

0 sec

21.6 cm

1 s
ec

2 sec

VRS
FKP

Direction of progress

Error vector

Error vector

Figure 7: System configuration of two NRTK systems.

Table 6: The combined statistics of NRTK for the horizontal
component [3].

Fixed Float

Mean (m) 0.03 2.90

RMSE (m) 0.07 10.36
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However, if GLONASS is combined, the stability can be
considerably improved as pointed out in the previous sec-
tion. Even the NRTK solutions by a low-cost receiver do
not show an apparent difference in terms of accuracy
and stability if connected to a high-quality GNSS antenna.
However, the geodetic class antenna is not feasible for the
drone navigation; the patch-type antenna was tested as
well.

Kinematic NRTK positioning also shows a different char-
acteristic depending on NRTK techniques, and VRS gener-
ally performs better than FKP in terms of stability and
accuracy. Time of observation does not affect the NRTK per-
formance significantly, but overall the NRTK positioning
during daytime shows a better accuracy by several centime-
ters. The low-cost receiver cannot resolve integer ambiguities
in kinematic mode; thus, the performance cannot be guaran-
teed. Nevertheless, the NRTK positioning of a low-cost
receiver provides a submeter level accuracy even under float
ambiguities in an open sky, which is a promising result for
drone navigation. It should be considered that even a drone
navigation sometimes encounters a GNSS signal blockage
whenmodeling buildings in 3-dimensional with detail or tak-
ing images under the bridge. Therefore, we need to consider
integrating other sensors such as inertial measurement unit
(IMU) for the seamless navigation.

The conventional NRTK provides the combined total
error of the GNSS observables thus is difficult to model sto-
chastic properties to each specific error source. Another
representation of NRTK errors, called the state space repre-
sentation (SSR), models all physical errors on GNSS observa-
tions separately, resulting in effective and flexible correction
due to the spatiotemporal knowledge of the parameters
[20]. Since a single-frequency operation is possible in SSR,
it should be considered for the navigation of drones in the
further research.
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