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ABSTRACT

As Global Navigation Satellite Systemontinues to
upgrade there will be an increasing number of satellites
and signals. This offers users benefits such as increased
availability and improed diversity of signal. For safety
of-life users like aviation, higher availability of integrity
is the key goal. A technology providing integrity with
little or no ground infrastructure overhead is receiver
autononous integrity monitoring (RAIM). As more
satellites are visible to the receiver, the redundancies
increase and RAIM availability for detecting faults
improves For evaluating RAIM in multconstellation in

a physical receiver, a retime software receiver is
developed using relative loaost Conmercial Off The-
Shelf (COTS) componentsThe receiver currently
supportssingle frequency andhree constellations with
Code Division Multiple Access (CDMA) signals
including GPS L1 C/A, Galileo E1 and BeiDou BAn
efficient software architecturare propsed for the real
time purposeSome issues are addressed when integration
multi-constellationUsing the outputs from the receiver, a
developed RAIM script computes the protection levels for
the receiverposition. Several tests are conducted in
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multiple locations worldwide and the results show the
multi-constellation GNSS has improvement dhe
position solution angbrotection level.n the end, future
path forwardduatfrequency Advanced RAIMARAIM)

is mentioned.

INTRODUCTION

Currentautonomous integrity monitoring (RAIMs only
capable of providing integrity to support horizontal
guidance. The next generation Advanced RAIM (ARAIM)
is built on multi-constellation GNS&nd is designed to
provide vertical guidanctr aircraft precision landinffl].
However, using signals from fi#frent constellation adds
cost and complexity to receiver desi@urrently, there is
an existing opportunity on single frequency to captate
least 4 satellitein view for each constellation of GPS,
BeiDou and GalileoOver East Asiantypically we can
see 9 BeiDou satellites in viewhe BeiDou ICDs were
released recelyt, B1 in Dec 20122] and B2 in Dec 2013
[3]. Also, there isachance to see foalileo satellites in
view. Moreover, 1 is easier to implement alCode
Division Multiple Access(CDMA) signal on the same
frequency for receiver design.

For the first step, we take this oppority to implement
reattime software receivewhich is sinde-frequency and
supports GPS, BeiDou and GalileoOne Universal
Software Radio Peripheral (USRP4] is used as RF
front-end and the software is devegled on a Personal
Computer (PC) The recerer has total 36 tracking
channels whichs expected to hav&2 channels for each
constellation. Because the constellations do not
coordinate their time reference, they will have different
time biases relative to the receiver clock. Hence, the time
biasedor each constellation are estimated separaldig.
receiver currently supports a single frequency but is
designed to be expandable to multiple frequencies as
ARAIM requires dual frequency capabilityA software
architecture that accounts for rdmhe a@pability is
described Several issues are addressed for integrating
multi-constellation GNSSWith the measuremenand
satellite ephemerisfrom all constllations, we can
evaluate thé&RAIM algorithm [1] using the developed tool

in the previousstudies $]. Using the developed software
receiver and RAIM tool,dsts are conducted in multiple
locations worldwide. The position solution and protection
levels result are provideidr showing the improvement in
the multiconstellation

This paper isorganized a follows. First, the development
of receiver is describedThen, an overview of GNSS
signal and current statusis given. The software
architecture and integration issues are addre$gedhen
explain whatthe data processing flow from receiver to
RAIM tool. The testing setup and resultsare shown
Finally, the pathforward ARAIM is detailed

MULTI -CONSTELLATION GNSS SOFTWARE
RECEIVER DEVELOPMENT

The developedGNSSreceiver[6] is a PGbasedsoftware
receiver[7][8][9]. The hardware architecture akceiver
is depicted irfigure 1 andits setupis in figure2. The
hardware containene GNSS antennaone USRP[4] and
one hostPC. Currently, thesupportingUSRP types are
N210 and B210The externatlock is optional ifB210 is
used.The USRPis equipped with a programmable mixing
and downconversion daughter boardCurrent PC is
equipped with Intel quatore Corei7 CPU in which each
core can run two threads. So, t8ahreads can be run in
parallel Thatgives usa lot ofresource to distribute tasks
to multiple cores.The USRPis controlled by thePC
running the Ubuntu distribution of Linux. USR@rdware
driver (UHD) [10] software is used to configure the
USRPand daughter kard settingssuch as samplg rae
and RF center frequencyhe radiofrequency (RF) signal
from each antenna element is converted to a near zero
Intermediate Frequency (IF) arnlen digitized to 14bit
complex or inphase andjuadratureoutputs (I & Q. The
RF center frequencig set t01568 MHz and thesampling
rate is set to20 Megasamples per second (MSPEhe
digitalized IF data isthen processé in realtime and
stored intchard drivein thePC,
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Figure 1. Block diagram of receiver

Figure 2. Receiversetup



GNSS SPECTRUM AND STATUS

With the frequency settinglescribed in the previous
section the transmitted signal spectrum which dam
received from the USRRs depicted in figure 3. The
spectrum contagsignaldrom three constellationssPS,
BeiDou and GalileoGPS L1 C/AusesBinary Phase Shift
Keying BPSK) modulationon 1575.42 MHzand 1.023
MHz chipping rate[11]. BeiDou B1 uses Quadrature
Phase Shift Keying(QPSK) modulation on 1561.098
MHz andhas higher chipping ra&046 MHz[3]. Galileo
uses the saen chipping rate with GPS, butas Binary
Offset Carrier BOC) modulation on 1575.42 MHEL2].
The frequency bandwidth is 20MHz and includes the
main lobes o#ll constellatios.

Current status of GNSS constellations in Jan, 2014 is
listed in table 1. The GPS PRN 30 is set as unheathy
total number of healthsPSsatellite is 31. The Japanese
QZSS has one satellite which has the same modulation,
frequency andhipping rate as GPS on L1 C/A. There are
fourteen BeiDou satellites and four Galileo satellites.
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Figure 3. GNSSsignal spectrum
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Table 1. GNSS constellation status
Constellation ‘ Satellite Number Assigned®RN ‘

GPS 31 1~29,31,32
QZSS 1 193
01214
Galileo 4 311312,
319,320

SOFTWARE ARCHITECTUR E

Because ofhigh sampling rate 20 MSPS anigh
receiving channel requiremefdr multi-constellation, the
software needs to be designed efficignt achieve real

time capability[13]. The goals ofsoftware architecture
are to run 8 threads in parallel amave 36 channels or 12
channels for each constellatiorhe software architecture
of receiveris shownin figure 4.The software starts from
requestingdata fromthe UHD driver andthen store the
data into &-secondong queue. Every 1 millisecondata

is processed in &orking threads. Each thread serves for
6 channels in whickxecuts functions includingsoftware
correlator, signal acquisitionfracking ad message
decoding.These functions have thmost computational
complexity, sowe distribue these channelto multiple
threads for savingprocessing time For every 100
millisecond, another thread makes measurerfrent all
tracked channelandthensolvethe receivemposition. As
number of satellite increases, themputationalload of
matrix multiplication inside the positioning gets higher.
Hence a dedicated thread for positioning is needed. There
is anadditional threadeservedor future implementation
of RAIM algorithm. By considering the complexity of
RAIM algorithm, providing 1 Hz output rate should be
enough for evaluating purpose.

IF Signal

Queue

. 4

Thread #1

. 4

Thread #2
Correlator Correlator Correlator
Tracking Tracking Tracking Tracking

Channel Channel Channel
12 13718 1924

Sz

4

Thread #6
Correlator

Thread #3

Thread #5
Correlator
Tracking

Thread #4
Correlator
Tracking

———— —

| Thread #8 1
RAIM I
Algorithm I

—— — — ]

Thread #7

Positioning

Figure 4. Software architecture

INTEGRATION ISSUES

When integrating the multonstellation,several issues
needto find solutionsFor adding aonstellation, an extra
time unknown is added to G matr[6] because time
system is different. Currently, the timaffset between
GPS and Galileo is witn 10ns [L4]. This offset canbe
solved byaddingextra time unknownHowever, the time
offset between GPS and BeiDou is around 14 seconds.
This offset is too large to be solvedingthe G matrix
Hence our solution is tdirstly eliminate the 14 seconds
and then let the positioning to solve the remaining time
offset within 1 second.



In the RAIM algorithm, the User Range Accuracy (URA)
from satellite ephemeris is used weighing accounting
for range accuracy difference. CurrenthGPS and
BeiDou provide the URA, but Galilelasrit broadcastd
the URA contentyet due to notbeingin full operation
Hence, he URA of Galileo is assumed to be 2.4 meter
according taherecent performancid4].

Because current implementation is only for single
frequency, the ionospheric correctisimould beaken into
account for range measurement. The correctiateis/ed

by the ionospheric modgbrovided from messages of
satellites.However, the ionospheric model of Galileo is
NeQuick. It is different from thé&lobuchar modelused
by GPS and Bé&bou. It is better to use the same model for
all constellation becausdifferent model maylead to
differentdelay. HencgtheKlobuchar models choserfor
theionospheric correction.

DATA PROCESSING FLOW

Current receiver has not implement RAIM algoni in
real time. he RAIM algorithm is evaluated in pest
processingThe data processing flow frothe receiver to
RAIM algorithm is shown in figure 5The flow starts
from running multi-constellation receiver and loging
required datat 1 Hz rateThe data includgpseudorange,
carrier phase, satellite position, ionosphere parameters,
URA and clock correctionA MATLAB tool developed
for multi-constellation ARAIM[5] is modified to process
in the singlefrequency modeQriginally, the toolwas
designed for the dudiequency GPS/GLONASSThe
modificatiors includel) makingionospheric correctioto
pseudorange 2) addirte sigma ofionosphere delay to
range model 3) addingne more constellationThe
outputs of RAIM algorithm include Vertical Protection
Level (VPL) and Horizontal Protection Level (HPL)
[1][5]. VPL and HPL providebound of the Vertical
Position Error (VPE) and Horizontal Position Error (HPE),
respectively.As the number of satellite increasdbe
VPL and HPLare expected tdecreasdecause of lower
Dilution Of Precision(DOP).
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Pseudorange

Carrier phase Protection Level
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Figure 5. Data processing flow

TESTS AND RESULTS

Several testareconducted using the data processing flow
described in the previous sectionBecause BeiDou
provides full operational regional servicen Asia, the
testing locatior are chosen in Taiwan and Singapore for
having more BeiDou satellites in viewn theinitial test, a
half-hour basebandiata setwas taken in Taiwan.The
testing resultincludes the position solution comparison
between different constellatioms well as protection
levels. In the £cond testonly logging datavere takerin
the worldwide locations. Tentesting results show-hour
long HPL for all locations.

A. Initial Test
In the initial test, he antennas located on the roof of
National Cheng Kung University EE building shown in
figure 6. Before testing, an online GNSS planning tool
provided by Trimble is used to select the specific time
which the satellite geometry is interestinghe test was
conducted on Dec 14, 2013 and figureshows the
number of satellitton that dayThe maximum number of
satellitesis up to 28. However, we are interested -
hourperiod which hast leas# satellites irview for each
constellation Figure 8 shows the satellites geometity
this period Figure 9 shows the GUI of our muHi
constellation software receiver when processing the data
set. The receiver kesfpiracking 22 satellites including 8
GPS, 9 BeiDou, 4 Galileo and QZSS. The channel
status, Doppler and C/Noare provided. Also, the
positioning result, Earthlorth (EN) plot and skyplot are
shownin GUI.

' Figure 6. Left: testing Ioation Righ: aten
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Figure 10. Left: EN plot for BeiDou  Right: Sky plot for BeiDou

Figure 11. Left: EN plot for Galileo  Right: Sky plot for Galileo

Figure 12. Left: EN plot for GPS Right: Sky plot for GPS

Figure 13. Left: EN plot for GNSS Right: Sky plot for GNSS



