PS receivers have become devices used by millions of
drivers or pedestrians every day. Current positioning
accuracy is usually sufficient to guide a car driver or
a pedestrian through an unknown area. However,
stand-alone positioning techniques are not precise enough for
a number of demanding applications. Driving assistance sys-
tems, precise agriculture or mobile mapping systems typically
require decimeter or even centimeter accuracy, regardless of
the environment.

To reach this level of accuracy, techniques have been devel-
oped using raw carrier phase measurements, which are more
precise than code measurements by a factor of a 100. However,
they are ambiguous by an a priori unknown integer number of
cycles called the ambiguity. This ambiguity remains constant
as long as the carrier phase tracking is continuous.

Many techniques use the precision of the carrier phase to
improve the accuracy of the final position. In particular, real-
time kinematic (RTK) and precise point positioning (PPP) turn
carrier phase measurements into very precise absolute pseudo-

Right
Algorithm

Low-Cost,
Single-Frequency
GPS/GLONASS RTK
for Road Users

SEBASTIEN CARCANAGUE WILLY VIGNEAU

ENAC/M3SYSTEMS M3SYSTEMS
OLIVIER JULIEN CHRISTOPHE MACABIAU
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Urban navigation would greatly henefit from higher-
accuracy and more reliable positioning, especially in
signal-challenged environments. Multi-constellation
real-time kinematic (RTK) techniques can contribute
to a solution, hut typically they require expensive
equipment. A team of research engineers tested a new
algorithm on low-cost consumer GNSS receiver with
promising results.

WikimediaCommons

ranges by estimating the value of the ambiguity. These meth-
ods do so by removing all biases affecting the carrier-phase
measurements and using either precise satellite ephemeris and
parameter estimation (for PPP) or by differencing with mea-
surements coming from a spatially close reference station (for
RTK). In particular, RTK can typically provide centimeter-level
positioning with only a few seconds of convergence time, in
a short-baseline configuration and a clear-sky environment.
However, the use of RTK in road user environment is chal-
lenging. Indeed environments encountered by road users range
from a clear-sky environment on rural roads to constrained
environments such as urban canyons. In the latter, users can
expect frequent signal blockages, high-power multipath signals,
and low availability of measurements (especially carrier phase).
A further consideration is that RTK is generally applied
only on high-precision receivers for various reasons, probably
the most important of which are that raw measurements are not
always available on low-cost receivers and that the quality of
measurements from low-cost systems using only GPS satellites
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is not sufficient to perform reliable integer-ambiguity resolu-
tion, particularly under dynamic conditions.

However, very low-cost multi-constellation (GPS/GLONASS
L1) receivers have been released recently on the market, capa-
ble of outputting raw code, Doppler, carrier phase and C/NO
measurements at a cost of around US$50. With this kind of
low-cost, multi-constellation receiver, the improved satellite
visibility is expected to increase the reliability and the success
rate of ambiguity resolution even in challenging environments.

The goal of the research on which this article is based was
to determine the possibility of applying RTK algorithms on
such user equipment in various environments encountered by
road users.

Challenges of Low-Cost GPS/GLONASS RTK
for Road Users

Transforming this concept into practical reality must address
a number of factors, including the differences between GNSS
systems and user equipment.

GPS and GLONASS Measurement Model. The code and carrier
phase measurement model for GPS/GLONASS measurements
is:

P =p+c(dt-dT)+1 + T+bnpi+bu)

¢i:p+c(dt—dT)—I,.+T+bn¢i+bi,¢—b;i+N-Ai+e¢i

S
- bPi +e, (1a)

where:
+ P and ¢, are the code and carrier phase measurements on
frequency i

+ pisthe geometric range
« cisspeed of light
o dtand dT are the receiver and satellite clock biases, respec-

tively

+ I and T are the ionospheric and tropospheric delay respec-
tively

+ Nand A, are the carrier phase ambiguity and the carrier
wavelength

« b, andb  arecode and carrier phase receiver hardware

b1ases respectlvely
* b,,andb, arethe receiver inter-channel biases on code and

carrier phase measurements. In the case of GPS measure-

ments, this term is negligible.

+ by and by, are code and carrier phase satellite hardware
biases

+ ¢, and ¢ are code and carrier phase measurement noise
and multipath.

Separating GPS and GLONASS measurement model and
differencing measurements between two spatially close refer-
ence receivers give:

AP = Ap + cAdt + b, s + €, (1b)
AVQS? = AVpO™ + AVN - A + &,

APFLO = ApCLO + cAdt +b, a0 + b, poio + €0

oo T ANV A+ g o

A(P(’LO = APGLO + CAdt + br,A(pGLO + bi,A

where:

+ AP and AP, are single-differenced GPS and GLONASS
pseudoranges, respectively

+ AV and Ag, are double-differenced GPS carrier phase
and single-differenced GLONASS carrier phase respectively

o Ap9Sand AVp°™ are single-differenced and double-differ-
enced geometric range for a GPS satellite respectively, while
Ap“9is single-differenced geometric range to a GLONASS
satellite.

o Adtis the single-differenced receiver clock term

« b, b aoandb , aoare receiver hardware bias on GPS
single- dlfferenced code, GLONASS single-differenced code
and GLONASS single-differenced carrier phase measure-
ments

+ b aoandb, o0 are code and carrier phase inter-channel
blases, respectwely

o AVN and AN are GPS double-differenced ambiguity and
GLONASS single-differenced ambiguity respectively

+ Aand A, are GPS L1 wavelength and GLONASS wavelength
associated to frequency number , respectively.

As seen on Equation (1b), the FDMA modulation of
GLONASS signals implies that
+ the wavelength of the carrier A, is different on each satellite.
o Code and carrier phase measurements are offset by inter-

channel biases b, a0 and b, , a0, depending on both the

receiver and the satellite.

Differences hetween a Low-Cost Receiver and a High-End
Receiver. Low-cost receivers are usually designed to target mass-
market applications, nested in embedded devices. Constraints
in power consumption and costs are then very stringent and
result in significant differences in the following factors:

o front-end filter quality and bandwidth: high-end receivers
use wide-band and expensive SAW filters, low-cost receivers
use narrow-band filters to limit the sampling frequency.

o local oscillator stability: very stable OCXO oscillators can
be used in high end receivers

o signal processing techniques: high-end receivers use pat-
ented multipath mitigation techniques.

» measurement selectivity: high-end receivers are generally
more selective in terms of measurement quality.

o local clock steering: receivers designed for RTK typically use
clock steering techniques, to keep their clock offset synchro-
nized within a few nanoseconds of GPS time. This can result
in milliseconds differences in the time of measurements
between the reference station and the low-cost rover that
might not be easy to handle.

The low-cost receiver hardware limitations result in lower-
quality measurements compared to high-end receivers. Also
relevant to our present investigation, GLONASS FDMA struc-
ture implies that code measurements can be offset by inter-
channel biases. In the case of high-end receivers, specific care
is taken by the manufacturers in order to calibrate these biases.
For low-cost GLONASS-enabled receivers, however, discussion
in the article by S. Carcanague (2013), referenced in the Addi-
tional Resources section near the end of this article, indicates
that:
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o GLONASS code inter-channel bias-

es b, ,ci0 may not be linear with fre-

quency and that these biases might

not be the same from one receiver to
the other from same manufacturer
using the same hardware

o GLONASS code receiver hardware
bias b, a0 varies by a few meters
every time the receiver is powered
off.

Differences hetween a Low-Cost Patch
Antenna and a Geodetic Antenna. From a
satellite navigation user’s point of view,
a good antenna is characterized by good
multipath mitigation, characterized by
the axial ratio and the gain pattern of
the antenna; low-noise characteristics,
and a calibrated phase center position.

Regarding the final point in this list,
the position of the phase center of a well-
designed antenna is calibrated and usu-
ally almost coincides with the physical
center of the antenna. However, in the
case of a low-cost patch antenna, differ-
ences can exist. Moreover, this position
can vary depending on the quality of the
ground plane.

So, even if the position of the phase
center can be determined at the centi-
meter-level using RTK, the position of
the physical center of the antenna should
not be considered as precise. In the case
of a low-cost antenna, the phase center
variation remains uncontrolled and
biases carrier phase measurements,
making integer ambiguity resolution
and validation more difficult.

A comparison between differ-
ent types of receivers and antennas
described in the article by T. Takasu and
A. Yasuda (2008Db) listed in Additional
Resources showed that the antenna is
one of the most important factor for
mitigating code and carrier phase mul-
tipath. The article reported very similar
performances between a low-cost GPS
LI receiver, and a multi-frequency GPS/
GLONASS receiver connected to the
same geodetic antenna.

Related research measured the phase
center offset of a low-cost patch antenna
and reported it to be a few centimeters
away from the physical center of the
antenna, essentially in the up direction.
Phase center variations in this patch

antenna were also shown to be at the
centimeter-level. Finally, the previously
mentioned research by S. Carcanague
(2013) showed that ground plane qual-
ity considerably influences the accuracy
of carrier phase measurements on a low-
cost patch antenna.

A Solution for Precise

Positioning in Cities

Given our analysis of the foregoing

research, our proposed solution for pre-

cise positioning in urban environment is

incorporates two modules: one for pre-

processing and another for providing

position/velocity/time (PVT).
The pre-processing module

o makes a strict measurement selection
using both high C/N  masks and a
multipath detection algorithm to
reject as much as possible NLOS and
multipath-contaminated measure-
ments

o takes special care to appropriately
weight each measurement

o corrects GLONASS code measure-
ments from inter-channel biases

« uses a cycle slip resolution technique
to allow for a continuous estimation
of carrier phase ambiguities.
The PVT module

» uses a Kalman filter to precisely
estimate the position among other
parameters

o takes into account the specificity of
road user dynamics by applying a
vertical velocity constraint

o calibrates GLONASS carrier phase
measurements in order to be able to
estimate both GPS and GLONASS
ambiguities as integers and fully ben-
efit from the GLONASS constellation

« uses environment-dependent ambi-
guity validation parameters, i.e.,
different ratio-test thresholds, to
obtain a reliable ambiguity fixing as
frequently as possible.

Features of Pre-Processing
Module
Let’s look at the proposed pre-processing
module in a little greater detail.

Code Measurement Weighting Scheme.
Various weighting schemes have been
proposed in the literature, including

some relying on internal receiver param-
eters. However, these parameters are
usually not available to the user. More-
over, as multipath error can be signifi-
cantly higher than the noise error, the
weighting formula may be overly opti-
mistic in the case of a multipath-con-
taminated environment.

E. Realini has proposed a weighting
scheme based on both carrier-to-noise
ratio (C/N,) and elevation and adapted
these for measurements from a low-
cost receiver. However, his proposed
empirical model was determined using
only static measurements, which may
not reflect the actual multipath error
encountered by a road user. So, our
solution also incorporates a model for
the variance of the code measurements
as proposed by H. Kuusniemi (see Addi-
tional Resources) specifically for difficult
environments based on the function:

- C/Ny

o,=a+bx10— )

where
+ C/N, is the C/N of the received sig-
nal in decibel-Hertz
o aand b are empirical parameters.
As code measurement errors due to
multipath are significantly different if
the receiver is in semi-urban environ-
ment or in urban environment, two sets
of parameters were determined, by ana-
lyzing real data from a single-frequency,
low-cost receiver with a patch antenna
for use in two environments: semi-urban
environment, a = 1 and b = 2812 for GPS
code measurements; and urban environ-
ment, a =—1.5and b =731, for GPS code
measurements
To determine in which environment
the receiver is, the receiver can use
embedded maps. In the present case,
vehicle speed was used. As soon as the
vehicle exceeded 50 km/h, the vehicle
was considered to be in a semi-urban
environment. Otherwise, urban envi-
ronment weighting scheme was used.
To handle the GLONASS code
inter-channel biases, our solution cali-
brates these as described in the article
by S. Carcanague (2013). This correction
can also be easily applied by changing
the GLONASS code biases correction
inside the chip. To take into account the
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Doppler Standard deviation as a function of velocity and CN,

ig—= 27 tested combina-

35¢ —5-30-33dB.Hz Carcanague (2013)
o — 5 33-36dB.Hz Only three values of
} \m ~5-36-39dB.Hz|  C/N, were tested to
25 -~ 5 39-42dB .Hz limit the computa-
g i /z{ B\ —5742-45dB.Hz|  tjonload: 32, 36, and
g 2 45-48dB Hz .

- 40 decibel-Hertz for

£ g/ = = 48-51dB.Hz |
= 15 /E/ E\\E/ M code, Doppler, and
= %‘@ carrier phase mea-
T z/a/ R &r\/g\;}ﬂ suremeits which
0.5 / mq/)d\ ﬁf}.‘;/a\gi/j produced a total of

| = —
[ 5 oo

s

&=

0 5 10 15 20
velocity (meters/s)

FIGURE 1 Doppler measurements error as a function of vehicle reference

speed and C/N, using data from the three studied environments and a
low-cost, signal frequency receiver + patch antenna (Carcanague, 2012)

lower chip rate of GLONASS signals,
our solution down-weights GLONASS
pseudoranges variance by a factor of 1.3
compared to GPS code variance, also as
proposed by S. Carcanague (2013).

Doppler Measurement Weighting
Scheme. In a static environment, the
influence of multipath on Doppler
measurements is null, as the frequency
of the reflected signals and the direct sig-
nal are equal. Then measurements can
be weighted using frequency lock loop
(FLL) tracking loop jitter due to ther-
mal noise, as proposed in the articles
by N. Kubo or B. Aminian (Additional
Resources).

However, this weighting would also
be overly optimistic in the case of a mov-
ing user. So, we adopted the Doppler
measurement weighting scheme intro-
duced in S. Carcanague (2012), taking
into account the vehicle speed. Simi-
larly to the code-weighting scheme, this
weighting is based on a real-data analy-
sis of Doppler multipath as provided in
Figure 1.

Multipath Detection. As explained
earlier, two strategies are proposed to
remove frequent multipath-contami-
nated measurements that can be found
on a low-cost high-sensitivity receiver: 1)
applying a very high C/N, mask together
with different code, Doppler, and carrier
phase mask values and 2) using a fault-
detection algorithm.

The best mask combination for code,
Doppler, and carrier phase measure-
ments was determined a-posterioriin S.

tions. The best com-

bination was found

to be for mask val-
ues of 32, 40, and

40 decibel-Hertz for

carrier phase, Dop-

pler, and code measurements, respec-
tively. This combination had in general
resulted with the best horizontal perfor-
mance error statistics with the proposed

RTK algorithm in the different environ-

ments encountered.

For the second strategy, we imple-
mented the “Danish method” as in the
paper by H. Kuusniemi to detect and
exclude multipath on both Doppler and
code measurements. This method was
chosen for its ease of implementation,
but more refined techniques should be
investigated in the future.

Cycle Slip Resolution Method.
Although relatively rare in static con-
ditions, cycle slips can occur very
frequently with low-cost receivers in
motion. In that case, detecting and, if
possible, repairing these is very impor-
tant in order to estimate ambiguities as
constants. However, repairing cycle slip
in the case of a single-frequency user is
still an open problem. Various methods
have been proposed; however, most of
these methods either treat each satellite
separately, or do not take into account
the integer property of the full cycle-slip
vector.

S. Carcanague (2012) introduced a
cycle slip resolution method based on
Doppler and carrier phase measure-
ments that, compared to other proposed
techniques, has several advantages:

o It uses the measurements from all
the satellites to estimate the cycle
slip vector float value, together with
velocity and receiver clock bias rate.

25 30

o It constrains the cycle slip float solu-
tion by applying a vertical velocity
constraint.

o It uses an integer estimation tech-
nique (LAMBDA method, as
described in the presentation by
P. Teunissen cited in Additional
Resources) to estimate the full inte-
ger cycle slip vector.

The proposed method allows the full
resolution of the cycle slip vector with
measurements from a low-cost receiver
in dynamic conditions. Being able to
repair cycle slips allows the estimation
of carrier phase ambiguities as con-
stants in the RTK Kalman filter. It also
improves the observability of estimated
parameters compared to single-epoch
RTK, which is usually recommended
for a moving receiver in difficult envi-
ronments.

Description of PVT Module
We addressed several factors in our pro-
posed PVT module.

RTK Kalman Filter. The core of the PVT
module is an extended Kalman filter,
estimating position, velocity, accelera-
tion, GPS/GLONASS float ambiguities,
differential receiver clock offset, and
GLONASS code biases (offset+slope).
The Kalman filter has the following fea-
tures:

+ GPS pseudoranges, GLONASS pseu-
doranges, and GLONASS carrier
phase are kept in single-difference.
This choice simplifies the implemen-
tation and multipath detection as it
removes any issue relative to refer-
ence satellite choice.

o Anullvirtual observation in the ver-
tical direction is used to constrain
the vehicle dynamic in the up direc-
tion. The standard deviation associ-
ated to this virtual upward velocity
was set to:

0vir1ualvelocity =0.02 ”V“

where v is the user velocity estimated
at the previous epoch, as in S. Carcana-
gue (2012). Figure 2 presents a schematic
of the proposed filter.

Additionally, GPS/GLONASS differ-
ential code and carrier phase measure-
ments in the Kalman filter are modeled
as follows:
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AP = Ap® + cAdt + ¢, )
AV = AVpS + AVN - A + &,
AP0 = Ap®O+ cAdt+b_+k-b
AQF? = ApPQ+ cAdt+ AN'- A, + ¢,

slop, AP + £AP,-

where:

» Same notations as in Equation (1b) are used

+ b _isaslowly varying inter-constellation receiver hardware
offset

+ k, is the GLONASS frequency number

* b, ,pis the slope of the GLONASS inter-channel bias as a
function of the GLONASS frequency number.

In the model proposed in Equation (3), GLONASS code
and carrier phase do not share the same differential receiver
clock offset+receiver hardware bias term, as only GLONASS
differential code measurements are offset by a bias b . This dif-
fers from the usual design of a GLONASS measurement esti-
mation filter. However, as explained in S. Carcanague (2013),
this enables us to avoid introducing GLONASS code receiver
hardware biases in the estimates of GLONASS carrier phase
ambiguities. This “trick” was found to make the GLONASS
ambiguities bias caused by code-phase offsets stable in time
on the tested receiver.

GLONASS Ambiguities Bias Calibration and Integer Resolution.
As explained in the paper by J. Sleewaegen et alia, a difference
between GLONASS code and carrier phase hardware biases
translates into a bias in estimates of float ambiguities. Without
removing this bias, GLONASS ambiguities cannot be estimat-
ed as integers. These biases are usually constant on high-end
receivers and similar for receivers of the same brand. Biases for
various geodetic receiver brands can be found in the article by
L. Wanniger (Additional Resources).

To determine the bias in float ambiguities of the tested
receiver, we used an algorithm described in the article by S.
Carcanague (2013). Static data was collected and a baseline
established in combination with a nearby reference station. GPS
ambiguities were fixed so that we could determine single-dif-
ferenced GLONASS ambiguities to a very precise value. Biases
were then deduced from adjusted GLONASS float ambiguities
and stored in a table.

Once these biases are known, they can be subtracted from
GLONASS float ambiguities estimated in the Kalman filter.
Then GPS and GLONASS ambiguities are all estimated together
as integers using the LAMBDA method, as depicted in Figure 3.

To validate the ambiguity vector, we employed two criteria:
a minimum of five ambiguities, i.e., six carrier phase measure-
ments, and a value of 2 applied as a ratio-test threshold when
the receiver operated in a semi-urban environment and a value
of 3,when the user was in an urban environment.

Road Measurement Campaign

In order to assess the performance of the proposed algorithm,
we performed two measurement campaigns in Toulouse,
France. In both measurement campaigns, two versions of high-

APGPS === position, speed, acceleration
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FIGURE2 Scheme of the implemented RTK Kalman filter
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FIGURE3 Scheme of the combined GPS/GLONASS ambiguity resolution

grade GPS/INS systems were used to determine the reference
trajectory, in post-processing, tight-coupling multi-pass mode:
1) a GPS L1/L2 receiver and an ARINC 743A standard antenna
connected to an inertial module with fiber optical gyrometers;
2) a GPS/GLONASS L1/L2 receiver plugged to a tactical-grade
inertial measurement unit (IMU).

[ ars |
. GLONASS
GALILED

Nvosc-csm
5001624 :
s V311107

Receiver (on the right) and antenna (on the left) comprised the on-
board unit used in both data collections
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A patch antenna connected to a
32-channel GPS/GLONASS receiver
module was magnetically attached to
the test vehicle’s roof and driven at traffic
speed in downtown Toulouse and on the
beltway. (See accompany photo of the test
receiver and patch antenna.)

In both data sets, the reference sta-
tion was TLSE in the RGP (Réseau
GPS Permanent) network set up by the
Institut Géographique National (IGN)
and situated in the south of Toulouse.
Maximum baseline length was about 11
kilometers in both data sets, when the
vehicle reached the upper part of Tou-
louse beltway.

DataSets. The first data set has a total
duration of one hour, with approxi-
mately half coming from driving in an
urban environment and half in a beltway
environment. Data was recorded as the
vehicle drove through the main streets
of Toulouse city center, excluding the
narrow streets of the old downtown.

The second data set had a total dura-
tion of two hours with approximately
one hour in urban environments,
including narrow old downtown streets,
and one hour on the beltway. It therefore
represents a very constrained data set.
These routes are shown in Figure 4.

Performance Metrics. We assessed the
improvement brought by the proposed
algorithms based on five values:

» horizontal position error at 68th,
95th, and 99th percentiles. As the
proposed algorithm typically tar-
gets road users, results will be com-
pared based on horizontal error
only. Indeed the vertical component
is usually of less importance in land
vehicle applications.

o fix rate. The fix rate is defined as
the number of epochs during which
ambiguities are fixed as integers over
the total number of epochs

« wrong fix rate. The wrong fix rate is
theoretically the number of epochs
with ambiguities fixed to an incor-
rect integer over the number of fixed
ambiguities. In practice the wrong
fix rate requires us to compare the
obtained solution with a centimeter-
level reference solution. However, the
reference trajectory could not be con-

FIGURE4 Test 1 (Left) and Test 2 (Right) Trajectories. Urhan environment is indicated in blue (large
streets, 1st data set) and yellow (narrow streets, 2nd data set) while beltway environment is

indicated in green. Tiles Courtesy of MapQuest © OpenStreetMap contributors

sidered to have that level of precision.
Therefore, we adopted a new defini-
tion: an ambiguity vector is declared
wrongly fixed if the distance between
the associated estimated position and
the reference trajectory exceeds 50
centimeters in the horizontal plan.
This is an optimistic definition for
semi-urban environment but a rea-
sonable assumption in urban envi-
ronments considering the accuracy
of the reference trajectory.

Performance from COTS
GNSS Receivers

In both measurement campaigns, com-
mercial off-the-shelf (COTS) receivers
were installed in the vehicle and the
basic position outputs were logged and
analyzed in comparison with accompa-
nying high-precision devices.

The first data set included position
solutions from the following equipment:
o a high-end multi-frequency GPS/

GLONASS/Galileo receiver con-

nected to a geodetic antenna, in GPS/

GLONASS/SBAS single-point mode.
o The GPS/GLONASS receiver with

patch antenna generated the data

which was processed with RTKLib

2.4.1 in both continuous and instan-

taneous RTK mode. RTKLib is an

open-source navigation software
allowing various types of GNSS raw
data processing strategies including

PPP and RTK.

The second data set included position
solutions of:

« ahigh-precision dual-frequency GPS/
GLONASS/SBAS receiver with geo-
detic antenna in single-point mode

o alow-cost GPS/SBAS receiver in
single-point mode

o the 32-channel GPS/GLONASS
receiver tested with RTKLib 2.4.1 in
both continuous and instantaneous
kinematic RTK mode, with a C/NO
mask of 30dB-Hz. Detailed RTKLib
settings used can be found in the
paper by S. Carcanague (2013).

The high-precision GNSS receivers
could not be tested in RTK mode, as no
real-time equipment (modem and so
forth) was available. Table 1 presents the
results from the road trials.

Our goal in this article is not to
compare raw performance among the
various navigation algorithms because
the position accuracy can be refined
using multiple parameters, especially
for the high-end receivers. Rather, these
results demonstrate that default settings
performance in single-point position-
ing mode are clearly above the meter-
level on the beltway and that dozens
of meters error may be expected in the
most constrained environments, even
with geodetic-grade equipment. These
results underline the difficulty in per-
forming satellite-based navigation in
the tested environments.

Moreover, directly applying RTK
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Urban environment

Beltway Environment

HPE (68th
percent)

HPE (95th
percent)

HPE (99th
percent)

HPE (68th | HPE (95th | HPE (99th
percent) | percent) | percent)

1st High-end multi-frequency
Data GPS/GLONASS/Galileo re- 1.36
Set ceiver (Single Point Mode)

18.08 0.94 1.21 2.05

GPS/GLONASS receiver with
patch antenna +RTKLib
(Instantaneous Ambiguity
Resolution)

3.11 10.81 18.87 1.03

3.31 8.66

GPS/GLONASS receiver
with patch antenna+RTKLib
(Continuous Ambiguity
Resolution)

2.05

12.23 0.79 2.22 6.82

2nd Low-cost GPS/SBAS re-
Data ceiver (single-point mode)

14.12 67.25 93.73 4,68 7.15 9.96

%€t | Gps/GLONASS receiver with

(Inst. Amb. Resolution)

patch antenna +RTKLib 4.18 12.37 18.94 1.09 4.00 8.18

GPS/GLONASS receiver with
patch antenna +RTKLib
(Continuous. Amb. Resolu-
tion)

3.02 12.03 20.53 0.91 3.78 5.78

High-precision dual-
frequency GPS/GLONASS/
SBAS receiver (Single Point
Mode)

3.70 17.00 35.30 2.14 4.08 6.68

TABLE 1. Embedded navigation software performance in the first data collection. Blue indicates low-cost equip-

ment and Orange indicates geodetic-grade equipment
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FIGURE5 Performance of RTKLIB with low-cost receiver measurements
(GPS/GLONASS) in continuous RTK mode on the beltway. Black asterisk

represents epochs when GPS ambiguities are fixed as integers (Data Set

2).

algorithms on low-quality measure-
ments leads to unreliable ambiguity
fixing. Figure 5 gives an example of this
when applying RTK processing (con-
tinuous mode) using RTKLib on mea-
surements from the GPS/GLONASS
receiver with patch antenna in the

second data collection (beltway). The
spikes are due to frequent filter re-ini-
tializations. Ambiguity fixing is obvi-
ously very unreliable as more than 56
percent of all ambiguity fixes are fixed
wrongly in semi-urban environments,
(80 percent in urban environments)

and that the resulting position error
frequently exceeds 10 meters.

Ambiguity-fixing reliability must be
the Number One concern when deal-
ing with RTK software. Indeed, while
on the field, the user (and the position-
ing filter) assumes that the position is
at centimeter-level when the ambigui-
ties are validated. This centimeter-level
position is very difficult to cross-check
unless high-grade equipment is avail-
able, particularly for a moving vehicle.
Therefore, a RTK receiver with a high
rate of incorrect fixes due to low-quality
data is unusable.

Performance of the

Proposed Algorithm

In order to determine the impact of each

proposed algorithm, the performance of

a baseline RTK filter is first studied. The

baseline filter was chosen to have the fol-

lowing structure:

« A single-epoch ambiguity resolu-
tion RTK filter is used, as recom-
mended for low-cost receivers in
the paper by M. Bahrami and M.
Zierbart. The ambiguity state vector
is re-initialized at each epoch and
the LAMBDA method is used for
GPS integer ambiguity resolution.
GLONASS ambiguities are estimated
as floats. A minimum of six satellites,
i.e., five ambiguities, is required for
GPS integer ambiguity resolution,
and ambiguity is validated if the
ratio test reaches 3.

« No integer ambiguity is validated
during the first three minutes of the
data collection, so that all estimat-
ed parameters, notably estimated
GLONASS code biases, can converge.

o GLONASS code inter-channel biases
are considered linear with frequency
and estimated as such in the RTK filter.

o Pseudoranges, Doppler, and carrier
phase measurements were weighted
as a function of C/N_ value, with
the following weighting scheme pro-
posed in the article by B. Aminian:

CNO e
5 10 7o )
0 (C/IN) = —xg— 0 @)
10
where:
C/No_, .. is taken equal to 54 dB-Hz
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C/NO0 is the estimated C/N value in
dB-Hz

o is the standard deviation of the
observation at the zenith.

Standard deviations at the zenith for
code, Doppler, and carrier phase mea-
surements are expressed as follows:

Ucode = 3 m
Opoppier = 0-087 m
o =0.007 m

carrier

Observations from satellites with
elevations lower than 10 degrees are
discarded.

+ C/N, mask values of 32 dB-Hz, 40
dB-Hz, and 40dB-Hz are used for
carrier phase, Doppler, and code
measurements, respectively.

o GLONASS code observation vari-
ances are down-weighted by a factor

of 1.3% This factor was determined
experimentally.

o Variances of the accelerations in the
process noise matrix were set empiri-
cally, after testing different values: o,
=07m’s?0,=07m’s? 0, =0.1
m’.s*where o, 0, 0, are the process
noise variances of acceleration in the
north, east, and up direction, respec-
tively.

o Klobuchar model and UNB3m
model are used to correct for iono-
spheric and tropospheric differential
delay respectively.

o International GNSS Service (IGS)
rapid ephemeris and Russian Fed-
eral Space Agency rapid ephemeris
are used for GPS and GLONASS,
respectively, for satellite position and

satellite clock offset computation.
Then, the different proposed ideas
to improve the performance of the basic

RTK filter are sequentially added. In

particular, we tested the effects on per-

formance of the following factors:

« use of code and Doppler weighting
schemes proposed and correction
of GLONASS code biases via table-
based values obtained from priori
calibration as proposed in the Code
Measurement Weighting Scheme
described earlier

« addition of the cycle slip resolution
module and a code and Doppler mul-
tipath detection module described
earlier in this article

o correction of GLONASS carrier
phase inter-channel biases, esti-
mation of GLONASS ambiguities
as integers, and introduction of

-- Adding Features Incrementally -->
environment-dependent validation
Add Proposed d b lier i
weighting Add GLONASS parameters, as described ear 1?r in
scheme+ Add Cycle slip Ambiguity the Proposed PVT Module section.
Glonass code correction Add Multipath Resolution + Fix rates and wrong-fix rates of the
Baseline filter | hias correction algorithm detection validation various solutions from the onboard
Data | Urban | 4.40%(95.2%) | 2.5%(63.8%) | 2.5% (63.8%) 1.3% (29.2%) 17.0% (2.2%) receiver can be found in Tahle 2. Tahle
Setl | Beltway | 5.10% (8L1%) | 30.9% (0.0%) | 39.0%(0.0%) | 45.0%(0.0%) | 73.2% (0.1%) 3 presents the horizontal position error
Data | Urban | 3.5%(91.8%) | 4.2%(82.6%) | 26%(40.3%) | 6.2%(26.6%) | 8.4% (11.4%) percentiles in the two road tests. From
Set2 — — — — — these we can see the following:
Beltway | 6.1% (70.3%) 18.8% (11.0%) 29.8% (9.8%) 31.1% (5.6%) 59.4% (0.7%) 1) Similarly to RTKLib solution, the
TABLE 2. Ambiguity fix rate (value between parenthesis is the wrong-fix rate) baseline RTK solution has a very
Urban environment Beltway Environment
HPE (68th HPE (95th HPE (99th HPE (68th HPE (95th HPE (99th
percent.) percent.) percent.) percent.) percent.) percent.)
st | <-- Baseline Filter 2.56 5.49 6.50 1.67 2.79 3.50
Is)atta lF\ddt Add Proposed Weighting
el | reatures Scheme+GLONASS Code Bias 1.36 3.87 4.87 0.31 0.80 1.19
Incrementally .
N Correction
Add Cycle Slip Correction 1.25 3.65 4.64 0.28 0.67 1.20
Add Multipath Exclusion 1.25 3.39 4.09 0.37 0.89 1.46
Add GLONASS Ambiguity 160 3.44 409 013 0.64 130
Resolution + Validation ' ' ' ’ ’ 3
2nd | <-- Baseline Filter 2.19 4.38 7.94 1.41 2.21 2.52
gatta lF\ddt Proposed Weighting
€L | reatres Scheme-+GLONASS Code Bias 1.68 447 7.54 0.58 0.97 1.25
Incrementally .
B Correction
Cycle Slip Correction 1.39 3.34 5.54 0.48 0.89 1.15
Multipath Exclusion 1.32 3.29 6.22 0.35 0.80 1.05
GLONASS Ambiguity Resolution
+Validation 1.52 3.48 6.47 0.08 0.64 1.03

TABLE 3. Horizontal Position Error in urban and semi-urban environments
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Error in estimated position (Downtown Toulouse)

Error in estimated position (Toulouse Beltway)
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TABLE 4 Position errorin downtown Toulouse (left) and Toulouse beltway (right) for Data Set 1. Black Asterisks represent epochs when ambiguity vector

is validated and fixed as an integer

low fix rate and a very high wrong-fix
rate, in both semi-urban and urban
environments.

The use of the proposed weighting
scheme for code and Doppler mea-
surements, as well as the correction of
GLONASS code biases, provide a sig-
nificant jump in terms of horizontal
position error statistics and fix rate,
notably on the beltway. However, the
wrong-fix rate remains very high.
The fix rate on the beltway using
the proposed weighting scheme
and GLONASS code corrections
is significantly lower in the second
data set than in the first. This has
been interpreted as coming from
the poor placement of the antenna
on the vehicle roof during the sec-
ond data collection. Indeed, during
the second data collection, the patch
antenna was placed on a rail that
was about five centimeters above the
metallic roof, which then worsened
the ground plane quality.

The correction of cycle slips and the
continuous estimation of ambigui-
ties have a smoothing effect on the
positioning domain and generally a
positive effect on the wrong-fix rate.
The fix rate is, however, generally
slightly decreased, as the wrong fixes
have been removed.

The use of the “Danish method” to
detect and exclude multipath-con-
taminated measurements improves

the fix rate and decreases the wrong-

fix rate. However, the effect in the

position domain is marginal.

6) GLONASS integer ambiguity
resolution, realized by calibrating
GLONASS ambiguity biases —
using the proposed Kalman filter
measurement model and the previ-
ously described ambiguity correc-
tion algorithm — was shown to tre-
mendously improve the frequency
and the reliability of the ambiguity
resolution.

7) The high fix rate obtained in this last
case has a very positive effect on the
horizontal position error (HPE) 68th
percentile, falling below 10 centime-
ters in the case of semi-urban envi-
ronment data set.

8) The tail of the distribution error
(99th percentile), however, is not
improved by the various proposed
measures. Indeed, extreme error
values occur when GNSS signals
are not available, i.e., when the Kal-
man filter is using prediction-only
to provide a position.

As can be seen in Table 4, the full,
low-cost RTK solution that we have
proposed brings very promising results
with a 10-HPE of only about 10 centime-
ters in the beltway environment and 1.5
meters in the urban environment. The
99th HPE percentile is at the meter level
for the beltway.

Conclusions & Future Work

In order to take into account the char-

acteristics of GPS/GLONASS measure-

ments from low-cost user equipment

(~€40 receiver coupled with a patch

antenna) in the environment of interest,

the following propositions were made to
adapt typical RTK algorithms to the tar-
geted use case:

 appropriately mask measurements
and weight them as closely as pos-
sible from their actual error

« correct any biases, notably in
GLONASS code measurements

o exclude outliers in Doppler and code
measurements and perform a very
strict measurement selection based
on estimated C/N value provided by
the receiver

 estimate carrier phase ambiguities
continuously by resolving cycle slips
using integer estimation techniques

+ estimate both GPS and GLONASS
carrier phase ambiguities as inte-
gers, by calibrating GLONASS car-
rier phase inter-channel biases (The
strategy used to obtain a stable car-
rier phase inter-channel bias in time
was also presented.)

« finally, we also proposed an environ-
ment-dependent ambiguity valida-
tion strategy.

The proposed precise positioning
software was tested using two data sets
collected in downtown Toulouse and on
Toulouse beltway. The results showed
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that, despite the very low cost of the

tested system, reliable integer ambiguity

resolution could be performed in a semi-
urban environment, typically a beltway.

Indeed fix rates of 73 and 59 percent,

respectively, achieved on the beltway in

the first and the second data set.

This high success rate reduces the
95th percentile HPE to less than 70
centimeters for both data sets and the
68th percentile HPE to around 10 cen-
timeters. These results prove that the
proposed algorithm is adapted to land
vehicle precise positioning in semi-
urban environments.

In a fully urban environment, mul-
tipath and reduced geometry prevented
frequent and fully reliable ambiguity
fixes. Indeed, ambiguities were fixed 17
and 8 percent of the time in urban envi-
ronments in both data sets, with a wrong
fix rate of 2 and 11 percent, respectively.

However, the proposed measurement
weighting scheme, continuous estima-
tion of carrier phase ambiguities, and
the multipath detection module greatly
improves the horizontal position error
statistics, as the 95th percentile HPE was
found to be below 3.5 meters for both
data sets in the urban environment
with a 68th percentile HPE around 1.5
meters. This result is particularly sat-
isfactory considering the very difficult
environment encountered and the per-
formance of basic navigation filters from
off-the-shelf receivers.

Different investigations could be per-
formed to further extend this study, for
example:

o Compare the performance of the pro-
posed algorithm with geodetic receiver
in RTK mode. For technical reasons,
only the single-point positions of
geodetic receivers were recorded dur-
ing the two data collections. Com-
paring to geodetic receiver in RTK
mode would be fairer.

o Include Galileo satellites. As the
Galileo signal structure is expected
to improve measurement accuracy
(a benefit of the pilot channel), the
proposed algorithm should be test-
ed with Galileo satellites. As Galileo
signals use CDMA, they should be
easier to integrate than GLONASS

satellites, because all carrier phase
measurements would then share the
same wavelength and code and car-
rier phase measurements would not
be affected by inter-channel biases.

o Taking into account the time cor-
relation of code multipath when the
receiver is static. As has been seen,
low-cost receivers could be heavily
biased by multipath. If the receiver is
in motion, the multipath errors tend

equipment from NovAtel, Inc., Cal-
gary, Alberta, Canada, composed of a
Novatel OEMV GPS L1/L2 receiver and
a Novatel ANT-532-C antenna con-
nected to a FSAS inertial module with
fiber optical gyrometers from iMAR
GmbH, St. Ingbert, Germany, but
operated in single-point mode (without
INS coupling) with real-time output.
The reference trajectory equipment for
Data Set 2 was a NovAtel OEMV GPS/

The proposed measurement weighting scheme,
continuous estimation of carrier phase ambiguities,
and the multipath detection module greatly improves
the horizontal position error statistics.

to average out over a short period of
time. However, static multipaths tend
to introduce bias-like errors into the
measurements. As it was shown that
biases in code measurements jeop-
ardize reliable ambiguity resolution,
the time-correlation of measurement
errors should be taken into account
when the receiver is static.

o Introduce a “partial fixing” algorithm.
A drawback of the LAMBDA meth-
od, combined with the ratio-test, is
that the entire ambiguity vector is
estimated as a whole. Therefore, if
one of the carrier phase measure-
ments is of lower quality, it can jeop-
ardize the entire integer ambiguity
resolution process. Therefore, fixing
ambiguities iteratively — from the
highest associated C/NO value to the
lowest — or fixing only a subset of
ambiguities could reduce the effect of
a carrier phase outlier. Other ambi-
guity resolution and validations
methods could also be tested.

Manufacturers

The low-cost GPS/GLONASS in-vehi-
cle unit incorporated an NV08C-CSM
NVS Technologies AG connected to a
TW2410 patch antenna from Tallysman
Wireless Inc., Ottawa, Ontario, Cana-
da. The low-cost GPS/SBAS receiver
also present during the road tests was
the LEA-6H from u-blox AG, Thalwil,
Switzerland. The reference trajectory
equipment for Data Set 1 was SPAN

GLONASS L1/L2 receiver plugged into
a tactical-grade inertial measurement
unit (IMU) from Northrop-Grum-
man Litef GmbH, Freiburg, Germany.
The multi-frequency GPS/GLONASS/
Galileo receiver also on board the test
vehicle was the AsteRx3 connected to
a L1/L2 geodetic antenna PolaNt* MC
antenna, both from Septentrio Satellite
Navigation NV, Leuven, Belgium. The
reference station that collected static
data to help remove integer ambiguities
used a NETR9 receiver from Trimble,
Sunnyvale, California USA.
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