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Abstract

Intheshiprelative GPSsystem, multiplereference antennas
anddiversity processing canbeutilizedforimprovingsignal -
in-space accuracy and integrity in the presence of jamming,
blockagesand multipath. Thispaper comparesconventional
post-loop diversity processingwith post-correl ator diversity
processing.

Withpost-loopdiversity (PL D), roll-pitch-yaw compensated
loop outputs from separate receiver channels and antennas
arecross-checkedfor consistency prior toformingacombined
DGPS correction for a given satellite. In interference and
jamming this approach offers no advantage over single
antennaoperation. Moreover, transient multipath or blockage
at one or more antennaswill damagetheindividual tracking
loops, thereby impacting system continuity. By contrast,

withpost-correlator diversity (PCD), correl ator dataderived
from multiple antennas is cross-checked for reception
anomaliesprior toloop updates, and qualified correl ator data
isoptimally combinedinanextended Kalmanfilter. Compared
withPLD, thisformof diversity reception offerspotential for
significant threshold improvement in jamming, as well as
detection and isolation of anomalies.

Inthepaper, SRGPSsystem dynamics, whichfundamentally
limittracking performance, arefirst established, followed by
definitions of attenuation, multipath, and interference
reception events to be evaluated. The signal simulation
approach is then discussed. System simulations are then
carried out for both diversity reception approaches, as a
functionof thenumber of antennasavailable, withdiscussion
of RMS phase error and hold time statistics.

In the simulations, PCD is found to out-perform PLD in
environments with single and multiple attenuations. Under
strong specul ar multipath conditions, withand without direct
path blockage, PCD was able to detect and reject corrupted
data at the correlator level, thereby mitigating loop
contaminations experienced with PLD. In jamming and
interference, thePCD wasfoundto extendtrackingthreshol ds
by asmuchas6dB. Withdataai ding, thresholdsapproaching
10dB-Hzwererealizedwiththe4-antennaPCD configuration.
Theseimprovementsare significant to safety critical DGPS
applications, both military and civilian.

Introduction

Figur e 1 depictsthe hardware and software elements of the
conventional post-loop diversity (PL D) reception approach,
for onesatelliteand multipleantennas. Raw observablesfrom
redundant channels pass through two stages of screening.
Inthefirst stage, Measurement Quality Monitoring (MQM)
carrier phase observables are tested for cycle dip induced
jump discontinuities. Current epoch measurementspassing
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Figure 1 Conventional Post-Loop Diversity SRGPS Reception

this test make their way to the combiner element, where
consistency checks are performed prior to forming a phase
average value. Final residual consistency checks between
DGPS corrected satellites, as computed upstream in the
navigation domain processor, are not shown in the figure.
[1,2] Anomdiesenteringagivenantennawill deterministically
damagetheassociated|oop, directly impactingtheavail ability
of satellite phase data at the combiner output. Loss of data
on a given satellite will in turn impact overall navigation
domain continuity and/or integrity. Therefore, intheface of
reception impediments, including interference, blockages,
and specul ar multi path, PL D may proveinadequateto support
navigation domain continuity andintegrity constraintsat the
sub-meter performancelevel.

Unlike the PLD scheme, where post-loop phase data is
monitored and averaged, acontrastingdiversity methodol ogy,
Post Correlator Diverstiy (PCD), makesdecisionsearlierinthe
signal processing chain, at thepost correlator level. The PCD
techni queempl oysan extended Ka manfilter and associated
residual monitoring functions in processing pre-detection
datain astatistically optimum fashion, Figure2[3-6]. The
PCD method utilizesline-of-sight dynamics redundancy as
well asdatabit redundancy, inscreeningtheraw 1/Q correl ator

datafrom each antennabefore accepting that datafor further
processing. Screening includes tests for signal amplitude,
multipath contamination, and interferencelevel. Following
qualification, thel/Qvaluesfrom multipleantennasare used

to update the states of the carrier-phase-tracking filter.

Inthispreliminary study, asaprefaceto carryingout integrity
and continuity comparisons in the navigation domain, the
underlying tracking statistics of the two approaches are
developed. PLD isconstrained by thetracking marginsof a
single antenna-tracking loop path, whereas PCD offers
improved tracking performance asafunction of the number
of antennas available. In scenarios with complex
antennuations and multipaths, PLD loops are individually
damaged, thereby compromising data availability and
measurement quality. Before carrying out performance
simulations, the underlying dynamics and reception
environments of interest are first discussed.

System Dynamics

Path bias and station clock dynamics to be tracked
fundamentally limit theperformanceof any DGPSreference
station. Additionally, inthe case of SRGPS, the ship motion
dynamics must al so be considered, including the IMU loop
aidingerrors.

The path bias dynamics consist of the following terms:;

- satelliteclock,

- satelliteephemeris,

- ionospheric drift, and
- tropospheric drift.



To characterize the cumulative drift rates associated with
these terms, double difference carrier-phase observables
were formed between live data and predicted phase values.
The phase datawas collected following the removal of GPS
selectiveavailahility, asimplemented by DOD onMay 1, 2000.
Thetemporal decorrel ationsinthesedoubledifferenceterms
wereexaminedfor predictiontimesout to 100 seconds. Based
upon this analysis, the path bias drift was conservatively
modeled as Gauss Markov, with a correlation time of 10
seconds and with avelocity standard deviation of 0.002 m/
Sec.

Thereferencestation clock dynamicswasonsidered next. In
keepingwithcurrent practiceat shore-sidegovernment DGPS
referencestations, anatomictimestandard wasassumed. For
such clocks, short term frequency stability over areference
station smoothing time of secondsis on the order of 5 parts
in10E12. Thistrandatestoapathdrift of under .0015m/sec.,
which is commensurate with above path bias dynamics.

In the absence of loop aiding by IMU, uncompensated
SRGPSplatformmotionisclearly thepredominant termseen
by the reference filter tracking loops. For large ships the
velocity processcorrel ationtimeisontheorder of 50 seconds,
and the process velocity standard deviation is on the order
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Figure 2 Post-Correlator Diversity SRGPS Reception
of 12 m/sec (20 knots).

Finally, IMU loop aiding drift ratesand alignment errorsare
considered. With the SRGPS architecture still in its
development stage, uncertainty exists concerning the IMU
aiding source for reference receiver tracking channels. A
quoted stability for the AN/WSN-7 RLG Ship Inertial
Navigation System (SINS) is 1 nautical mile in 24 hours.
Whether the SINSwouldbeavailablefor receiver aidingoris,
infact, themost desirableaiding source, isan open question.
Tominimizelever arm effectsit may bedesirableto employ
anIMU of poorer quality inthevicinity of the SRGPSantenna
system. Inthesimulationscarried out below, an IMU with 1
nmi/hr driftisassumed. Thisdrift ratetermthen substantially
dominates the other dynamics discussed above.

Overview of RF Reception Events
Four signal fault condition groups were considered in this
study:

(1) Signal attenuation patternson multipleantennas

Signal amplitude and noise levels are adjusted
suchthat nominal receptionisat 40dB-HzCNR at
run onset. At time step 1000 (10 seconds)
attenuationsareapplied, simultaneously, tooneor
more available antennas.



(2) Strong specular multipath on a single antenna
Signal amplitude and noise levels are adjusted

suchthat nominal receptionisat40dB-Hz CNR at
runonset. Attimestep 200 (2 seconds) multipath
isappliedat asingleantenna. Multipathamplitude
is set equal to GPS signal amplitude. Multipath
delay differenceislessthan 0.1 chip and Doppler
differenceisadjusted for maximum carrier phase
multipatherror.

(3) Strong specular multipath on a single antenna,

plus direct path attenuation
Same reception conditions as above, but at

multipath onset the direct path of the affected
satellite is attenuated by 20 dB.

(4) Interference applied to all antennas
Signal amplitude and noise levels are adjusted

suchthat nominal receptionisat40dB-Hz CNR at
runonset. Attimestep 750 (7.5 seconds), jamming
at afixed power level is applied, equaly, on all
available antennas. Antenna spacing is assumed
large enough such that post correlator noise
processes are statistically independent. At each
CNR value simulations were performed with 20
randomizations.

Theobjectiveisto establish RM Sphaseerror statistics, time
tocycledipfromonset of thereception event, and telemetry
databit error rates, conditioned on thesefault conditions. In
future task efforts, this data will be utilized in developing
SRGPS navigation continuity and integrity for multiple
antenna PLD and PCD options.

Simulation Approach

Thesimulationtool appliedinthisstudy isTrackView, which
wasextended from previouswork to model multiple RF paths
and correlators for each satellite [7]. Referring back to
Figures1and 2, TrackView modelsthe correlator bank 1/Q
output datain response to loop filter DCO commands. The
correlator model andinput conditionssuppliedby TrackView
areidentical for bothdiversity options. For PLD, thecorrelator
commandloop closureisde-coupl ed betweentracking paths.
For the PCD, the correlator command loop closure for all
signal pathsisthrough acentral filter.

Meanand varianceof correlator bank outputsisdrivenby RF
input noisepower, aswell asby theoffsetincarrier phaseand
frequency between current DCO values and line-of-sight
truth. In addition to the primary 1/Q output components,
correlator channels are configured to generate a multipath
component, whose amplitude, delay and Doppler offset
relativetothedirect pathisprogrammable. Althoughavailable
inthesimulator, and appliedinother studiesby TISI, antenna
gain and phase anomalies are not treated in the present

simulations|[8].

The TrackView environment permits high fidelity 2 kHz
simulationsof non-linear trackingbehavior, inapproximately
real-time. Additionally, to minimize interactions with the
operator, the environment is configured for automation of
repeated runs with differing diversity reception and
environment parameters.

Attenuation Comparisons

In this test group, multiple attenuations were introduced
across one or more antennas. As anticipated, the tracking
loopsof the PLD system brokedownindividually following
attenuation onset, whereas the PCD system was able to
prevent channel damage, even with up to 3 of 4 RF paths
attenuated. Tablelsummarizesholdtimestatistics, fortime
until first cycledip. Inall caseswith oneor more redundant
antennas, PCD provided cycledlipimmunity whilePLD loops
experiencedtracking damage.

Station Number of Diversity Aggregate
Antenna Antennas Reception Hold Time
Configuration | Attenuated Type (100HZ TIC units)

1 Corﬁceilsgtor 2000

fgfp 1377

4 2 Cor;PZIS;tor 2000
Ilj’g(s)tp 1330

3 Comlsgtor 2000

fgj:) 1330

1 Comlsgtor 2000

3 fgfp 1647
2 Corﬁceilsgtor 2000

fg; 1366

2 1 Cori(t)els;tor 2000
Ii?(i) 1292

Table1l: Antenna Attenuations Summary

While the MQM functions of the PLD might detect these
events, theresulting trackingloop damagewoul d bedifficult
to correct in the combining network, resulting in either a
shutdown of the satellite by the PLD logic, or a subsequent
rejectionof themeasurement by upstream navigationintegrity
functions. In either case, navigation continuity would be



impacted. The effect of these tracking disruptions upon
overall system continuity awaitsfurther analysisinfollow-on
tasking.

Multipath Comparisons

Asdescribed above, twobasic group conditionswereapplied
as a single antenna input @) multipath without direct path
blockage, and b) multipathwithdirect path blockage. Inboth
cases multipath amplitude was set equal to the nominal
unattenuated GPSsignal level, andwasapplied ononeof two
available antennas. This minimal 2-antenna diversity
configuration was considered worst-case. With additional
redundant antennas PCD performance would be further
improved.

Figure 3 shows typical comparative phase tracking
performancefor PLD and PCD tracking, atthenominal CNR
of 40 dB-Hz, without direct path blockage. The PLD loop
impacted by multipath exhibits peak swings of 0.7 radians
while PCD is able to recognize and attenuate the multipath
component. A gradual phasedriftisevidentin PCD data, until
the 1/Q measurements are again accepted by thefilter.

phase error [radians]

. . . . . . . . .
0 200 400 600 800 1000 1200 1400 1600 1800 2000
time steps [100 Hz]

Figure3 Multipath on a Single Antenna

In the next set of multipath scenarios, the direct path was
blocked simultaneously with the onset of the multipath
signal. Aswould be expected, the decoupled loops of PLD
arecaptured by the multipath component. Thisiscontrasted
with PCD performancein Figure4. Shortly after multipath
onset the PLD tracking loop expriences phase mistracking.
By contrast, with PCD, MQM functionswere able to detect
the presence of the multipath contaminationreliably prior to
filterincorporation of thecorrupted I/Q outputs, maintaining
continuous phase tracking.
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Figure4 Multipath plus Direct Path Attenuation

I nterferenceComparisons

Unintentional interferenceand jamming posethreatstoservice
continuity that must be considered in the SRGPS reference
station design. The solution to this problem can encompass
several techniques: reference station nulling and
beamforming, post correlator diversity, loopaiding, anddata
aiding. Inthispaper, thelater threetechniqueswereeva uated.
Specifically, the above PLD and PCD processing methods
were contrasted, as a function of the number of available
diversity antennas, withandwithout dataaiding. Inevaluating
interference responses, a substantial battery of simulations
werecarried out for each configuration. Ineach of theseruns,
constant and equal interference levels were applied at each
antenna. Runs were repeated with twenty different noise
randomi zationsfor eachinterferencelevel, withlevel svaried
in1dB increments.

DataDemodulation Aiding (DDA) Off

Thefirst group of runswere carried out with dataai ding off.
For comparative purposes both PLD and PCD approaches
employed extended K almanfilter structuresfor estimation of
correlator bank phaseand frequency errors. ThePLD carried
out data bit demodulation and carrier phase tracking
independently on each antenna. By contrast, PCD data
demodulation routines took advantage of the telemetry bit
streams shared by all antennas.

Figure5isacomparative phase error plot for five different
station configurations. The baseline case is the single
antennaconfiguration. Withthegiven system dynamicsand
tuning parameters the threshold “knee” occurs at around 27
dB-Hz,with0.5radiansphaseerror (1.6cm) at 25dB-Hz. PLD
tracking loop performance, with four antennas, followsthis
same path, within the variation limits of the twenty
randomi zationsperformedat each CNR point. Inthethreshold
region this is expected, since the PLD tracking loops are
operating independently of each other. PCD tracking
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performancevarieswiththenumber of antennasutilizedinthe
configuration. Withtwo antennastheimprovementiswithin
1dB of the3dB valueexpected by theory, reaching 0.5radians
RMS tracking error at 21 dB-Hz. With four antennas an
additional 3 dB improvement is achieved, with 0.5 radians
RM Stracking error reached at around 18 dB-Hz. Alsoshown
in thisfigureisthe three antenna case, which is marginally
worse than with four antennas.

Analternateway of viewing andinterpreting theseresultsis
in terms of tracking hold time before loss of phase lock.
Averageholdtimesasafunctionof CNRareshowninFigure
6. Themaximumavailableholdtimeis2000timesteps, or 20
seconds, which is the duration of each run. An interesting
contrast is between 1-antenna (PLD or PCD) and 4-antenna
PL D configurations. Poorer holdtimesof the4-antennaPLD
over thel-antennaconfiguration demonstratesub-optimality
of post-loop diversity inthethreshold region. Asthenumber
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Figure 6 Tracking Hold Timew/DDA Off

of PLD antennas and tracking channels is increased, the
probability of one or more of the independent tracking
channelsfailing per unit time increases. This performance
lossiseliminated with PCD processing, asseenintheplotted
resultsfor 2, 3 and 4-antenna configurations.

Finally, Figur e7 showsplotsof raw databit error probability
for thefive configurations, illustrating the fact that, without
forwarderror correctiontechniques, databit errorswill degrade
well beforethe carrier phasetracking errorsreach threshold.
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Data Demodulation Aiding on
In the DGPS reference station context, the actual telemetry

data stream is highly redundant. Usage of this redundancy
canbeutilizedtofurther extendthephasetrackingthresholds
of the system. With direct incorporation of 1/Q datain the
extended Kalman filter, effective pre-detection integration
time is controlled by the setting of filter process noise and
dynamics tuning parameters. Post correlator diversity
thresholdimprovementsarerealized then solely onthebasis
of line-of-sight process dynamics correlations between the
multiple antennas.

Figur e8contraststhe phasetracking performanceof thefive
options previously considered. For the 4-antenna PCD
configuration0.5radianRM Stracking performancei sextended
tobelow 10dB-Hz,an8dB improvement over thecasewithout
dataaiding. Theimprovement of PCD over PLDisabout5dB
withthe4-antennaconfiguration, and 3dB withthe2-antenna
configuration. Figure9 contraststhe processing optionson
the basis of cycle dip free hold time vs. CNR. In other
simulation efforts the data aiding improvement has been
found to be insensitive to dataaiding error rates up to 0.15.
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Summaryand Conclusions

Inthe SRGPSapplication, integrity and continuity performance
is sensitive to the number of satellites deemed to have
sufficiently small carrier phasetracking errors, under current
reception environment conditions. Reception redundancies
from multiple antennas can be utilized to improve the phase
tracking performance available onindividual satellites. Itis
recognized that beyond reception redundancy, redundant
hardware components may also be needed to maintain
adequate levels of station continuity.

In this paper, contrasting diversity techniquesfor reception
redundancy were considered. Post L oop Diversity monitors
the outputs of phase trackers to identify and reject tracking
loop phase events from antennas impacted by attenuation,
multipath, andinterference. Post Correlator Diversity monitors

signal quality earlierintheprocessing chain, atthecorrel ator
outputs prior to loop updates. Upon detection of faulty
correlator data the PCD has the option of blocking the bad
correlator outputs, while maintaining lock with information
obtained from correlators which pass measurement quality
tests.

In attenuation, multipath and interference tests the basic
tracking performance of PCD substantially exceeded the
conventional PLD approach:

(1) In multipleattenuations PCD provided continuousphase
observables without tracking loop damage.

(2) Instrong specul ar multipath, withandwithout s multaneous
blockage, the PCD techniquedetected theoffending correl ator
data prior to measurement incorporation.

(3) Ininterferenceandjamming, unlikeconventional diversity,
PCD extended the phase tracking margins. Utilizing TISI's
extended K alman approach, together withdataai ding, station
tracking margins approaching 10 dB-Hz were obtained.

In ongoing work, the tracking statistics of this paper will be
appliedtotheanalysisof overall systemnavigation continuity
and integrity. Additionally, TISI has successfully tested its
advanced GPS receiver, TAGR, which is based upon its
I ntegrated Demodul ation/Navigation technique. Thisunitis
adaptableto PCD operationsfor the DGPSreferencestation.
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