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Introduction

Due to its increased immunity to receiver dynamiterference and jammings well asts
ability to bridge short signal outages, vector trackingreesivedncreagdattention in the GNSS
community in recent yearsThis software implemes the vector delay lock loofvDLL)
algorithm on a softwardefined receivel(SDR), and aimsat providing users witla tool to
investigatethe pros and con®f vector trackingin various applications and under various
environmentsThis software is called GPSSDR hdreinaftefor convenience.

In GPSSDR_\tanfiequivalend conventional trackinggDR based oan extended Kalman
filter (EKF) is implementedwhich shares the sanséate, system anshleasurement models and
noise tuning métods with that used byector trackingThis baseline provides users with a tool to
compare the performance wéctor trackingand conventional trackingpn common ground.
GPSSDR_vis developed in MATLABAN easyto-use programming language, so that users can

focus more orestingnewly developed algorithmelated to vector trackingased on this platform

Requirement

GPSSDR_vtis currently developed and tested in MATLAB environments on Windows
platforms. It can also work on a Linux operating systéntloes not use any MATLAB toolbes

butthe MATLAB version isrequiredto begreaterthan 7.6

Installation

Make sure you have a working MATLAB environméeht. install GPSSDR_vsimply unzip
the fileinto a foldere.g, /GPSSDR_\t There are two folders and one user manual in the package.
The sample data set is in the folder callechple dataThe data file is compressed due to its large
size. Before using the sample data set, please unzip the data file. The MATLAB source code is in
the folder calledsource code Open the MATLAB application and set the current folder

as./GPSSDR_vt/souraede/ Then run the main progra@DR_main.m



Supported Fronends

GPSSDR_vt supports various freerids, e.g.lP-Solutions, bladeRF X4NSL Stereo, etc.

Users need to make appropriate configurations for the -&odt used, in the script

initParameteram.

Processing Mode

GPSSDR_vis currentlyonly working in the posfprocessing mode. Raw IF dathould be

first collected byan RFfront-end, then processersing this software

Main Functionalities

The flowchart ofGPSSDR_vis given in Figurel, togethemwith the name of the script for

each functionalityMain functionalities include initialization, acquisition, conventional tracking

and vector tracking, which are described in detail as follows

Initialization

<[ initParameters.m ]

Acquisition

’2 acquisition.m ]
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Figure 1. Softwareflowchart
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Initialization
The first step to use this software is to complete configurations such as the sampling rate and

intermediate frequency of the raw signal, the frequency step and band to be searched in the

acquisitionprocessetc.

Acquisition
The second module is signal acquisition, which determines code phase and Doppler frequency

of visible satellites. A twestep coars¢o-fine acquisition method is used tinis software In the

first step,the 4-ms data is used to detect the cpth@se and Doppler frequency coarsely via the
parallel code phase search acquisition algorithsnshown irFigure2. The second step utilizes
the long C/A codestripped data to find the carrier frequency accurately via the fast Fourier

transform.

Incoming
signal

Fourier Inv Fourier L ” H L,
transform transform Output
Q

Complex
1 conjugate

o0 Fourier
F transform
Local PRN code
oscillator generator

Figure 2. Block diagram of the parallel code phase search algofNtam Nee and Coeneh997).

Conventional Tracking
After obtaining the code phase and Doppler frequency, these two parameters should be

refined in the tracking stage ¢loat satellite ephemeris data can be decoded. Measurements of
pseudorange and pseudorange rate can also be obtained during tracking. AsseobdL and
PLL is used in this softway@as shown in Figura.

In conventionatracking loops each acquiredasellite is allocated to an individual tracking
channel. Each channel has two closed loops, one for code and one for carrier. All tracking channels
are independemf each other, i.e., no interaction between channels, and no information exchange



between signal tracking and navigation procesddrs.pseudorange range and rate measurements

are fed forward to the positioning modudeg, EKF, tocomputethe navigation solution.

Tracking Positioning
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Figure 3. Conventional tracking architectures@PSSDR_ vt

Vector Tracking
To start vector tracking, initialization parameters, such as ephemeris data, initial receiver PVT,

etc., should be provided. The pseudorange error and psange rate error extracted from the

code and carrier tracking loops are used asnibasurements of the EKF. The estimated receiver
PVT is then used to predict the pseudorange, rate and the LOS vectors at the next epoch, closing
the loop finally The block diagram of vector tracking is showrrigure4.

Each acquired satellite in the incoming intermediate frequency signal is allocated to one
tracking channel. In each channel, IF signals are first multiplied with the locally generated carrier
replica in both irphase and quadrature arms. Correlation is gferformed between the code
replicas and the received ones.this software three code replicas spacing of 0.5 chips are
generated. Afterwards, correlation results are integrated and dumped. The output of these
integrations is used as the input to theiealcode loop discriminator to find the phase error of the
local carrier and code replicas. In each carrier loop, the carrier discriminator output is filtered and
fed back to the carriamrumericalcontrolled oscillator (NCO), so as to modify the frequency of

local carrier replica. For the code tracking loop, code discriminator outputs of all channels are

4



forwarded to the navigation processorthis softwarean EKF is used. The output of the carrier

loop filter, i.e., Doppér shift frequency information, is also fed into the EKF. Note that in practice
the EKF update time is not necessary to be the same as the coherent integration time (typically 1
ms for GPS L1 signal). A prilter can be used to average the code discritomautputs over

multiple integration time, e.g., 20 ms.

Tracking Positioning
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Figure 4. Tracking architecture d6PSSDR_vt
Usage

GPSSDR_vis very easy to us@his section presents the usage viagample The raw IF
data was collected in an urban ame&long Kong using the NSL Stereo freemid. The sampling
frequency and IF are 26 MHz and 6.5 MHz, respectively.

To begin with, it is necessary to know the folder structuth@softwareas shown in Figure
5. This softwaras comprised of two separated files, wharlethe main program and initialization
function, respectively, antlvo folders containing baseband signal processing functiges
related functiongnd plot functionstespectively. Baseband signal processing functions perform

signal acquisition, tracking, navigation data extraction, etc., while theedged functions do

coordinate transformation, atmospheric corregiandsoon. n each f il e, thered

clearly specifies the purpose of that function.
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Figure 5. Folder structue.

Initializationparameters

To process the raw IF dathg first step is to initialize necessary parameters for acquisition,
tracking, positioning, etc. in the filaamedinitParameteran. Some importantnitialization
parametes arelisted in Tablel:

Table 1. Initialization parameters

Parameter Description

file.filename Raw data file name
Raw data

Skip timein milliseconds, from when raw data is

parametersi file.skip
processed




file.skiptimeVT

Skip time in milliseconds, from when vector

tracking begins

file.dataType

Raw dhta type:
1-1
2-1Q

file.dataPrecision

Data size:
1-6i nt 86
2-6i nt 1660

signal.IF Intermediate frequency
signal.Fs Sampling rate
Signal signal.Fc Carrier frequency
parameters| signal.codeFreqBsis | Code frequency
signal.Sample Numbers of samples in one cqaeriod
signal.codelength Code length
acq.prnList PRNs to be searched
acq.freqStep Frequency search step
Acquisition | acq.freqMin Minimum frequency to be searched
parameters| acg.fredNum Frequency bin numbers
acqthreshold Acquisitionthreshold
acqlL Numbers of code periods to find fine frequency
| Correlator spacing between the Early and Late
track.CorrelatorSpacing
code
Time needed to decode satellgghemerisin
track.msEph o
. milliseconds
Tracking : __ : :
Time to do positioning via LSE/EKF in
parameters| track. msToProcessCT

milliseconds

track. msToProcessVT

Time to do positioning in vector tracking mode if

milliseconds

track.pdi

Prediction integration time




o . Initial position,latitude (degree), longitude
Navigation | solu.iniPos _
(degree), height (meter)

parameters
solu.rate Navigation solution update rate in Herts
Tracking mode:
Common | cmn.vtEnable 0 - Conventionatracking
parameters 1 - Vector tracking

cmn.doy Day of year

It should be noted that the inonospheattielay correction parameters\(PHA and BETA
vectors) should be set according to the RINEX #erother important parameterdsin.vtEnable
which indicates thérackingmode of the SDRi.e, conventional trackingc{nn.viEnabl=0) and
vector tracking ¢mn.viEnablzl). When doing conventional tracking, navigation solutians
estimatedusing theLSE or an EKF.In vector tracking, navigation solution estimation and signal
tracking are coupled together using an EKFthis softwarethe EKF in CT and VT share the

same systergtate vectorprocess antheasuremernnodels.

Acquisitiorresults
After the initialization, t plpremad i n the MATLAB command

[Return]. This softwarewill first acquire the visible satellitegutputting the satellite number,
signatto-noise ratio, code phase and Doppler frequeanane command windowasshowvn in

Figure®6.

Command Window

30
svindex =

31
svindex

32
SV[10] SNR = 3B8.93 Code phase = 4606 Doppler frequency = 2960.000000
SV[12] SNR = 30.65 Code phase = 2415 Doppler frequency = 1040.000000
SV[15] SNR = 21.65 Code phase = 23203 Doppler frequency = —-€70.000000
SV[20] SNR = 30.77 Code phase = 3736 Doppler frequency = 805.000000
SV[21] SNR = 18.07 Code phase = 14841 Doppler freguency = -1135.000000
SV[25] SNR = 27.78 Code phase = 17735 Doppler frequency = 3255.000000
SV[31] SNR = 22.20 Code phase = 18€2% Doppler frequency = 3955.000000
SV[32] SNR = 26.71 Code phase = 15%43 Doppler frequency = 2540.000000
Acquisition Completed.

Figure 6. Acquisition results shown in MATLAB command window
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To visualize the acquisition result, one can dig into the acquisition function to see the
intermediate acquisitioresults Figure7 shows the3D acquisition resultef PRN 10. A pe&k
higher than the acquisition threshold claims a successful acquisitidmtofatellite.In this
software the acquisition threshold is set as the SNR calculated. Users can set this value in the
script, initParameters.mThe acquisition result is saved in the current folder with the name of
Acquired + raw data file name #mat This softwarecheclsthe existence of acquisition results of
this raw data file according to its name, so that users have no need to acquireegadtsilyn
further development.
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Figure 7. 3D acquisition resultsf PRN 10

Trackingesults
After the acquisition, do signal tracking and obtain satellite ephemeris. In the conventional

tracking, GPSSDR_viuses a DLL and PLL, both with fixed bandwidths, to track the code and
carrier, respectively. The DLL employs a normalized noncohezarlyminuslate envelope
discriminator while thesecondorder PLLusesa two-quadrant arctangent phase discriminagor.
progress bawill appear during the conventional tracking period, as showigure8. At least 30
second®f data need to be traelt so as to decode five subframes. The conventional tracking result
is saved in the current folder with the namé& ofRstctforEph+raw data file name + .mafThe
decoded satellite ephemeris, named + raw data file name .ma, is also saved, together with

the subframe information, namedf + raw data file name + .maivhich contains the information
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of the first navigation bitransitionpoint and the beginning of subframe 1. This information is
useful in the subsequent vectracking.

[ o ><—|

4

Channel:1 Tracking, please wait...

Figure 8. Progress bar duringbnventional tracking period.

Figure9 showsthevarious tracking results of PRN 10. As seen in the top right panel in Figure
9, the navigation bit steam can be found in thehase output of the promphannel. To obtain
the satellite ephemeris, we have to decode these navigation bits into the navigation ns&sgage

the scriptnamednaviDecodan.

Ip and Qp of Tracking Result
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Figure 9. Tracking results of PRN 10
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Positioningesults
If cmn.vtEnablas set as0, navigation solutions are calculated using the EKF based on

conventional tracking result®n the contrarycmn.vtEnable= 1 means navigation solutions are
estimated in the vector tracking modeo this end, we need the conventional tracking and

positioning resultand satellite ephemetig start the vector tracking.

During the positioning process, information such as the time of week, positioning results in
East, North and Up directionfvith respect to thenitial a priori position given in th
initParameters.nfile), and the user clock bias and drift solution will appear in the MATLAB
CommandVindow, as shown in FigurED. It is helpful for readers to watch the results during the
positioning process.

Command ‘{deow
CT_KF: index = 682 fow = 4153?.444003 A
CT_KF: index 683 [TOW = 41537.445000
CT_KF: index 6684 [TOW = 41537.446000
CT_KF: index 685 [TOW = 41537.447000
CT_KF: index 686 [TOW 41537.448000

?/:’2501017.783181 D = -246.002919%
1.413438 N = 4.640%00 U = 6.675358 3 = 2501028.309412 D = -244.571137
1.563080 N = 4.462072 U = 6.565193 3 = 2501026.366120 D = -244.105515
-0.921323 N = 4.86%631 U = -14.427320 B = 2501003.024424 D = -244.507221
-0.771735 N = 4.65%0802 U = -14.537497 B = 2501003.0819%28 D = -243.631883

-
E
B
B
B
E
688 [TOW = 41537.450000{|E
E
E
E
B
E

CT_KF: index 687 [TOW 41537.449000 0.166842 N = 7.653025 U = -19.497231 | B = 2500996.236673 D = -247.625701
CT_KF: index = 1.074404 N = 11.834920 U = -15.11758% B = 2501000.449185 D = -245.119481
CT_KF: index 689 |TOW = 41537.451000 = 0.466090 N = 7.297368 U = -19.717550 | B = 2500996.353563 D = -243.226542
CT_KF: index 690 |TOW = 41537.452000 = 0.401342 N = 8.947319 U = 1.305002 3 = 2501021.866090 D = -244.957145
CT KF: index 691 |TOW = 41537.453000 = 0.551006 N = B8.766490 U = 1.194829 3 = 2501021.922583 D = -244.695879
CT_KF: index 692 |TOW = 41537.454000 = 0.700632 N = 8.589%¢662 U =

. 1.084668 B\= 2501021.979052 D = -244.470861
693 oW = 41537.45500¢ -5.3581560 N = 2.789757 U = 9.425534 é\§k2501028.777557 D = -244.987087 4///

Time of week Positioning results User clock bias and drift

Jx cT_KF: index

Figure 10. Information in theMATLAB Workspace window during positioning proce3$e positioning

results arevith respect to the initial a priori position given in the initParameters.n file

Figure11 shows thehorizontal positioningesultsof both conventionakrackingand vetor
tracking with respect to thaitial a priori position given in thanitParameters.nfile.
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Figure 11. Horizontal wsitioning resuli with respect to the initial a priori position given in the
initParameters.m file

In addition, usergan plotvariousresults which can be found in the MATLAB Workspace

Window after the prograrexecution as shown in Figurg2.

Figurel2. Results irthe Workspace window after the program execution.
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