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ABSTRACT

The reference stations in a satellite-based augmentation system (SBAS) collect raw data from global navigation satellite system
(GNSS) to generate correction and integrity information. The multipath signals degrade GNSS raw data quality and have
adverse effects on the SBAS performance. The currently operating SBASs (WAAS and EGNOS, etc.) survey existing commercial
equipment to perform multipath assessment around the antennas. For the multi-path assessment, signal power of GNSS and
multipath at the MEDLL receiver of NovAtel were estimated and the results were replicated by a ratio of signal power estimated
at NovAtel Multipath Assessment Tool (MAT). However, the same experiment environment used in existing systems cannot
be configured in reference stations in Korean augmentation satellite system (KASS) due to the discontinued model of MAT
and MEDLL receivers used in the existing systems. This paper proposes a test environment for multipath assessment around
the antennas in KASS Multipath Assessment Tool (K-MAT) for multipath assessment. K-MAT estimates a multipath error
contained in the code pseudorange using linear combination between the measurements and replicates the results through

polar plot and histogram for multipath assessment using the estimated values.
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1. INTRODUCTION

The Korea augmentation satellite system (KASS) provides
correction and integrity information of global navigation
satellite system (GNSS) to users through geostationary orbit
satellites (Misra & Enge 2006). The ground infrastructure
of KASS consists of KASS reference station (KRS), KASS
processing station (KPS), KASS uplink station (KUS), and
KASS control station (KCS). The KRS collects GNSS data and
sends them to KPS through the network. The KPS calculates
correction and integrity information using GNSS data and
generates KASS messages (Yun et al. 2016). The KUS converts
KASS messages to radio frequency (RF) signals using uplink
antenna and sends the signals (Misra & Enge 2006). Users
receive SBAS signals in KASS service area so that they can
estimate accurate and safe location using correction and
integrity information of SBAS message (Misra & Enge 2006).
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The KASS performance (accuracy, integrity, availability,
and continuity) is significantly affected by KRS site
location and the collected GNSS raw data quality. The
KASS performance at the system design phase is predicted
assuming that the requirements of the reference station
requirements are all satisfied. Thus, it is necessary
to investigate KRS sites precisely that satisfy the site
requirements to guarantee KASS performance at the system
operation phase. For detailed KRS site investigation items,
investigation of facilities for KRS equipment installation
and operation (accessibility, security, fire and maintenance,
etc.), Electro Magnetic Interference (EMI) for interference
check of RF signals, and elevation and multipath assessment
for the performance verification of GNSS raw data are
essential (Cho et al. 2017). Among the investigation items,
EMI and elevation can be verified precisely using existing
or alternative equipment whereas multipath assessment
requires new assessment measures due to discontinued
existing equipment (Cho et al. 2017).

Since multipath signals have adverse effects on signal
power and pseudorange of GNSS raw data received through
antennas, analysis of multipath effects has been conducted in
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consideration of the adverse effect (Jakab & Townsend 2001).
The signal power measurements are provided by MEDLL
receivers, and a ratio between GNSS and multipath signal
power (D/U: desired-to-undesired power ratio) was assessed.
The pseudo range measurement assesses the multipath error
estimate contained in GNSS code pseudorange measurement
provided by commercial receivers. The multipath error can
be estimated by removing errors (ionospheric delay, receiver
noise, float ambiguity) contained in the code pseudo range
measurement model (Weiss 2007).

This paper develops a KASS Multipath Assessment
Tool (K-MAT) using multipath errors contained in the
code pseudo range measurement due to the absence of
alternative equipment and discontinued MEDLL receiver
and MAT tool that provide signal intensity measurements.
Chapter 2 discusses multipath signal characteristics and
existing multipath assessment measures. Chapter 3 proposes
an algorithm to estimate multipath error, and Chapter 4
implements a graphic user interface for output display and
signal processing for multipath error estimation. Chapter
5 describes the implementation of K-MAT by a developer
based on the design documents and verifies the functions
through specification-based black box testing with regard to
a channel (Khan 2011). In addition, the multipath effects are
predicted from the surrounding geographic features around
the antennas and compared with that of polar plot results for
performance verification.

2. MULTIPATH SIGNAL CHARACTERISTICS

The global positioning system (GPS) signal consists of
navigation message, code, and carrier phase. It is transmitted
from satellites to receiver’s antenna. The signal received
at the antenna is composed of line-of-sight (LOS) signal,
received directly from satellites, and non-LOS (NLOS) signal,
reflected by the surrounding buildings, walls, or ground
around the antennas (Townsend et al. 2000).

As shown in Fig. 1, signals received at the antennas are
expressed by a sum of single LOS signal and multiple NLOS
signals as presented in Eq. (1) (Townsend et al. 2000).

r(t) = ¥MYa,.p(t — 1,,) cos(wt + 6,,) + n(t) (1)

Here, m refers to the RF signal incident to the receiver from
the same satellite, each of which has signal power (a,,). The
signal p(¢-7,, ) received at GPS receiver antenna is a code
signal delayed as much as 7,, a sinusoidal signal cos(wt+6,,)
whose frequency is w is a carrier phase signal delayed as
much as 0,, and n(t) is a receiver noise. The NLOS signal
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Fig. 1. Configuration of the receiving signal at the GPS antenna.

<NovAtel Multipath Assessment Tool>

Fig. 2. Assessment environment of the multipath effect using the
NovAtel's receiver and tool.

(m # 0) among various signals in Eq. (1) is a multipath signal,
which degrades the performance due to the other code, and
carrier phase delay.

The assessment of the multipath effects was presented
as an important requirement to select GNSS antenna
locations in monitoring or reference stations of existing
GNSS, GBAS, and SBAS. For the assessment of the multipath
effects to select existing sites, a commercial receiver
(NovAtel’s Portable MEDLL Receiver) (NovAtel Inc. 2002)
and an analysis tool (NovAtel Multipath Assessment Tool)
(NovAtel Inc. 2001) were utilized. The existing experiment
environment for the analysis of the multipath effects by
NovAtel is shown in Fig. 2 (NovAtel Inc. 2001).

In the existing experiment environment, the results of
multipath effect assessment to select a ground stations for
GNSS, GBAS, and SBAS are assessment in MAT using the
measurements of desirable and undesirable signal intensities
provided by MEDLL receiver. However, KASS project started
since 2014 cannot perform the same effect assessment due
to the discontinued equipment of NovAtel. In this study,
a multipath error estimation algorithm was developed for
multipath effect assessment and K-MAT was implemented



to replicate the results. The multipath error estimation
was conducted by removing the error contained in the
measurement model equation through linear combination
between dual frequency measurements, and the same results
with that was replicated in the MAT.

3. ESTIMATION OF THE MULTIPATH
ERROR

The pseudorange model equations based on L1/L2 dual
frequency signal code and carrier phase for multipath error
estimation are presented in Egs. (2-5) (Weiss 2007).

PIL(t) = R(t) + I () + T(t) + MPM'(t) + NPM (1) (2)

®LL(E) = R(t) — I () + T(t) + MLL(t)
+ AL AR (D) + Noti(t) 3)

PR2(t) = R(t) + I**(t) + T(t) + MP*2(t) + NPM2 ()  (4)

®L2(t) = R(t) — I*%(t) + T(t) + Mo 2(¢)
+ AL2AL2(6) + NoL2(t) (5)

Here, P(t) is a code-based pseudorange, @(¢) is a carrier
phase-based pseudorange, R(t) is a geometric distance, I(t)
is the ionospheric delay, T(¢) is a tropospheric delay, MP(¢)
is a multipath error of code-based pseudorange, M®(t) is a
multipath error of carrier phase-based pseudorange, NP(t)
is receiver noise from the code-based pseudorange, N®(t) is
receiver noise from the carrier phase-based pseudorange, A is
a wavelength of the center frequency, and A(#) is the integer
ambiguity of the carrier phase measurement. L1/L2 refer to
signals whose center frequency is 1575.42 MHz and 1227.6
MHz, respectively (Misra & Enge 2006).

In this study, for the use of ionospheric error removal
model, receiver noise filtering, and calculation of means and
elimination of float ambiguity were conducted to estimate
the multipath error (MP(t)) contained in the code-based
pseudorange. The ionospheric error was calculated by Eq. (6),
applying the ionospheric free model (Misra & Enge 2006) that
reflected the ionospheric error characteristics according to
the carrier wave center frequency.

(le—LZ(t) — ILZ_Ll(t) + ALlALl(t) _ ALZALZ (t)
+ MOMTI2(8) + NOML2(t) (6)

Here, L1-L2 refers to an operator that subtracts L2 frequency
measurement from L1 frequency measurement, and if Eq. (6)
is rearranged under the same assumption of Eq. (7), it can be
approximated as Eq. (8).
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ILZ_Ll(f) + lLlALl(t) — ALZALZ(t) > M¢L1—L2(t) + N¢L1_L2(t) (7)
¢L1_L2(t) ~ ILZ_Ll(t) + ALlALl(t) _ ALZALZ(t) (8)

If Eq. (8) is rearranged from the propagation delay
relationship (a=I""/I"'=(f"'/f*)) in the ionosphere, it can
produce the ionospheric error of L1 signal, which is presented
in Eq. (9). Here, f*' and f* are the center frequencies of L1
and L2 signal (Misra & Enge 2006).

() = oM712(8) /(e — 1) + [A12A412(8) - 1AM (D] /(@ — 1) (9)

The difference measurement of the code and carrier
phase-based pseudorange, which is to remove the
tropospheric error contained in the code and carrier phase-
based pseudorange in common, can be expressed as Eq. (10)
(Weiss 2007).

PL(t) — &L(t) = 2 x IF(t) + [MPLL(t) + NPM (1))
— [M®M(t) + Nl ()] — ALtAM(t)  (10)

Here, since the multipath error contained in the carrier
phase-based pseudorange is much smaller than that
contained in the code-based pseudorange {{MP"'(£)+NP" (t)]
>[M®"(t)+N®"' ()]}, Eq. (10) can be rearranged to Eq. (11)
(Weiss 2007).

PLl(t) _ d)Ll(t)
~ 2 X IM(t) + [MPH(t) + NPLL(t)] — ALtAM (6) (11)

If the ionospheric error Eq. (9) is subtracted from Eq. (11),
which removes the tropospheric error contained in the L1
code-based pseudorange, it produces Eq. (12).

[MPY(£) + NPH ()] — [2144 () - 22|
2 2

~ PO - (O [+ 1]+ o2 ]  (12)
In order to remove NP"(f) from Eq. (12), moving average
filtering (MAF) whose mean section is 600 sec (2q-1) is
performed with regard to the receiver noise characteristics
under the assumption of white Gaussian distribution to

produce Eq. (13) (Misra & Enge 2006).
1 vaq
201 2t=—q

{Pro-er@S]+ero[H]} a3)

MPH () - [A“A“(t) - —azf 1] ~

Since the integer ambiguity is maintained at the continuous
section (where no cycle slip occurs), float ambiguity (A"'(£))
is calculated from the mean of MAF measurements in the
continuous section. The multipath error of the final code
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Fig. 3. K-MAT block diagram & parameter flow.

pseudorange can be estimated using Eq. (14).

q

L1 ~ 1
MP (t) ~ Zq_lzt:_q

rro-ero S+ ero[H+ [rato - K]0

4. DEVELOPMENT OF K—MAT

K-MAT replicates the multipath assessment results after
receiving the log files provided by commercial receivers as an
input data. K-MAT consists of input function, re-initialization
function, D/U function, and output function. The variables of
K-MAT are divided into data and control variables. The data
variables, which are variables to calculate D/U values, include
pseudorange, visible satellite information (elevation, azimuth
angle), and internally calculated information in K-MAT. The
control variables are variables required to calculate filtering
and MAF parameters, and include quality information
(tracking status, carrier phase pseudorange cycle slip) of
receivers and measurements. Fig. 3 shows the block diagram
of K-MAT and flow of variables (data and control variables).

For the input function, satellite information (GPS time,
GPS pseudorandom noise (PRN) number, and GPS satellite
elevation/azimuth) and measurement information (L1/
L2 code pseudorange, L1/L2 carrier phase pseudorange,
and code/carrier tracking status) are extracted from binary
log files provided by receivers. Since the collection interval
between satellite information and measurement information
provided by receivers was different, satellite information was
interpolated between 0.1 Hz and 1 Hz to make the collection
interval the same.

The re-initialization function determines discontinuity
of carrier phase pseudorange and receiver tracking status.
It creates control variables which will be used in the D/
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U function. The receiver tracking status is determined by
checking the tracking information status values for each
satellite provided by receivers to ensure the reliability of the
pseudo range measurement. The discontinuity of the carrier
phase pseudorange verifies whether a cycle slip occurs
based on the threshold determination using time difference
value of the carrier phase measurements. It determines the
calculation section of float ambiguity means.

The D/U function estimates multipath errors contained
in the code pseudorange from the float ambiguity means,
filtering, and linear combination using raw pseudorange
measurements. The multipath error estimation is implemented
by discretization of the equations presented in Chapter 3.
The ionospheric delay calculation provides the ionospheric
free model (Misra & Enge 2006) using the signal delay
characteristics. The MAF provides filtered results assuming
that receiver noise follows the white Gaussian distribution.
The average calculation computes a mean of float ambiguity
contained in the code and carrier difference model equation in
the continuous section to remove the carrier float ambiguity. It
confirmed the multipath affection using the code-minus-carrier
phase (CMC) and D/U. In this study, the relationship between
CMC and D/U is defined by the K-factor, and additional studies
on the relationship will be conducted in future. The K-factor
in the currently developed K-MAT was defined as 1 and
implemented to be changeable by future users.

The output is divided into a polar plot for directivity analysis
on multipath effects, histograms for statistical analysis, and
acceptance criteria. The polar plot replicates the largest
D/U value (worst multipath error) in a unit cell (azimuth
interval: 10-degree, elevation interval: 5-degree) according
to azimuth and elevation values. The histogram replicates
overall distribution of D/U values. Acceptance criteria provide
whether D/U values of the received signals at GNSS antennas



Worst Case Polar Plot of D/U
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Fig. 5. K-MAT functional test (black box test).

satisfy the criteria based on the D/U threshold value selected
in the site requirements. The result graphic user interface
provided by the output in K-MAT is shown in Fig. 4.

5. VERIFICATION

This study conducted function tests of specification-based
technique by the third party (tester) and performance tests
in an known position that can predict the multipath effects to
verify the developed K-MAT.

5.1 Function Test

For the function test, black box tests were conducted

Multipath - Satellite Pos.(1Hz)
- Control para..

+ — 1 => Assessment Test * Filtered Meas.
! - Real Ambiguity
: COde( 1CH) - Multipath error
1 -b/u
I
1
1
1
! .

! Function

- — - > Verification Test

[Tester]

— — —<Matlab K-MAT(1CH)> = = = = = = = = —m e e

Output File Log

; Code(1CH)

with regard to a single channel of K-MAT. The black box test
verifies whether correct outputs are produced in response to
correct inputs based on input/output test cases (Khan 2011).
In this study, test cases were created by the tester using the
measurements provided by real GNSS as input values. For
the expected output values in the test cases, data variables
(interpolated satellite position, filtered measurements, float
ambiguity, multipath error, and D/U) generated from the four
functions and control variables (tracking status and carrier
phase measurement interruption) were selected. The function
test of K-MAT was conducted by the third party (tester) and
the environment for the function test is shown in Fig. 5.

For the inputs in the test cases, GNSS measurements
of single GPS satellite (same PRN) provided by a 24-hour
commercial receiver were collected. A tester implemented
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Fig. 6. Experiment environment.

software that had a single channel to create the expected
output value of the variables generated by the four
functions. The expected output values generated by the
tester were verified through comparison with the output
values of K-MAT in the function verification test code. The
results were verified that the expected output values were
the same with the output of K-MAT except for numerical
errors (errors to six decimals under) due to the difference
between software development tools. Since the numerical
errors of K-MAT did not affect the multipath effect analysis
results, the K-MAT function test can be verified that there

‘was no error.

5.2 Performance Test

In the performance test, data were collected for 24 hours
and performance results were compared with multipath
assessment results of K-MAT through the multipath effect
prediction due to surrounding geographic features, which
were similar to actual environment for multipath assessment.
In this study, experiment environment was configured
using multi GNSS receiver antenna (VEXXIS TM GNSS-850)
(NovAtel Inc. 2017a) and multi GNSS receivers (ProPak 6TM,
OEM 638) (NovAtel Inc. 2017b) of NovAtel, and GPS raw
measurements were collected. The experiment environment
(antenna, receiver, connecting software, and K-MAT) for data
collection is shown in Fig. 6.

The GNSS receiver used in the site investigation was set
to a narrow correlator, and measurement setup values of
code and carrier phase are presented in Table 1. The GNSS
receiver setup was the same with that of the receiver (NovAtel
G-III Receiver), which will be used in KRS in future. The log
files stored inside the GNSS receiver are satellite information
and raw data, which are set as presented in Table 2.

The binary log files stored in the internal memory of
GNSS receiver perform multipath assessment through
external storage and the results are placed in K-MAT. The

https://doi.org/10.11003/JPNT.2018.7.4.267

Table 1. GNSS receiver configuration setting & command.

Configuration setting Command
L1 Measurement ~ Non Smoothed Code DLLTIMECONST GPSL1CA 0
PLLBANDWITH (10 Hz) PLLBAND WIDTH GPSLICA 10
L2 Measurement  Non Smoothed Code DLLTIMECONST GPSL2P 0
PLLBANDWITH (10Hz) ~ PLLBAND WIDTH GPSL2P 10
Table 2. GNSS message logging type & command.
Message logging type Command
Satellite Information ~ SATVISLOG (0.1 Hz) LOG FILE SATVISB ONTIME 10
Raw Measurement RANGE LOG (1 Hz) LOG FILE RANGEB ONTIME 1

performance tests in actual environment employed the same
configuration in Fig. 6, and GPS raw measurements were
collected for 24 hours at the rooftop in the Korea Aerospace
Research Institute. The left figure in Fig. 7 expresses short-
range targets (steel and concrete structures, indicated by blue
circle) and long-range targets (hills, marked by green area)
with regard to objects whose height is higher than the height
of antenna (marked as white triangle). The right figure in Fig.
7 shows the multipath assessment results according to the
surrounding structures and hills around the antenna.

The multipath assessment results verified that signals were
not processed in the direction where GNSS signals could not
be received, which was not included in GPS operation orbit,
in the direction between +30-degrees on the basis of the
360-degree azimuth of the polar plot. In addition, the results
using GPS visibility analysis tool (PEGASUS) in the direction
between 170 to 180-degree azimuth verified that signals were
not collected in the direction where GPS signals were not
received in Korea at the time of the measurements. Mostly in
the west, low mountains were formed long distance (within
100 m), so GPS signals cannot be received at low elevation (0°
to 5°) and the effect of the multipath signals occurred in most
of the cells (yellow region, multipath error: within 1.16 m) at
the elevation of 5° to 30°. The effect of the multipath signals
was occurred in some cells due to the objects (azimuth: 35°,
140°, and 250°) located within a short distance (less than 15 m)



Fig. 7. Multipath assessment using the real data at the rooftop
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Fig.8. L1 C/A code pseudorange multipath error.

from the antenna (orange region, multipath error: within 1.84
m). The performance test results verified that the multipath
effect predicted according to the distance between antenna
and geographic feature. The K-MAT results were similar.
Furthermore, the TEQC software used in the performance
test was a tool for the quantitative comparison of GNSS data,
which analyzed GNSS measurement performance using
RINEX data. The results by the software TEQC (UNAVCO
2014) that provided multipath errors contained in the code
pseudorange for each satellite and K-MAT performance
results were compared. Fig. 8 shows the comparison results.
The multipath error mean by satellite was difficult to be
compared numerically but the relative error characteristics
were verified to have a mean value within 0.2 m. The
numerical comparison is meaningful in performance analysis
under the same algorithm conditions. However, since this
study identified multipath direction where multipath errors
occurred using the developed tools for the purpose of site

investigation, selected optimum antenna locations, and
eliminated the obstacles, the relative error between the tools
is not a serious problem.

6. CONCLUDING REMARKS AND FUTURE
WORK

This study developed and verified the KASS multipath
assessment tool (K-MAT) using the multipath error estimate
contained in the code pseudorange to replace the existing
commercial equipment only for the multipath assessment.
The multipath error algorithm eliminated the ionospheric
and tropospheric delay errors through difference technique
between L1/L2 codes and carrier phase pseudorange
measurements, as well as receiver noise and float ambiguity
by the measurement characteristics. The functions of
K-MAT were defined and implemented as they were divided
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into four functions. In particular, the multipath assessment
converted the results into D/U values which were used in
existing commercial analysis tool (MAT) and displayed
the result with polar plots and histograms. The function
and performance tests of the implemented K-MAT were
conducted by the third party (tester) at a real environment.
In the function test, tester generated test cases for black box
tests with regard to a single satellite channel, and K-MAT
outputs and expected output values were compared for
verification purpose. In the performance test, GPS raw
measurements were collected for 24 hours, and predictable
multipath effects were compared and analyzed with K-MAT
results for verification.

The K-MAT is an important tool for surrounding envir-
onmental investigation around the antennas, which will
be utilized in precision investigation for site selection of
ground infrastructure facilities (reference station, satellite
communication stations, and integrated operation stations).
Furthermore, the developed algorithm will be applied
to various multipath error estimation algorithms that
were previously studied, thereby conducting studies on
improvement of multipath assessment accuracy of K-MAT
continuously.
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