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Abstract. Specular multipath remains an un-
modeledand signi¯cant error sourcefor GPS po-
sitioning. While it has beendemonstrated that,
in principle, it should be possible to use signal-
to-noiseratios (SNR) to construct correctionsfor
the carrier phasemultipath error, the complex-
it y of SNR behavior and multipath environments
make it challenging to implement such a tech-
nique. This paper presents observations of SNR
data from a continuously operating GPS receiver
(CASA), which show strong evidenceof ground
and monument multipath. The SNR data at
CASA demonstrate daily repeatabilit y and sea-
sonal trends that indicate a strong dependence
of multipath error on changes in the antenna
environment. When the SNR data show vari-
abilit y due to multipath, SNR observations are
consistent with positioning post¯t phaseresidu-
als. This indicates that SNR-basedcorrections
for geodetic applications may be feasible.

1 Intro duction

Range error intro duced by specular multipath
has been explored by many researchers (Cohen
and Parkinson, 1991; Elosegui et al., 1995; Ray,
2000; Van Nee, 1995), but a rigorous method
for removing multipath errors has not yet been
developed for routine usageby the geodetic com-
munit y. Specular multipath is a similar phe-
nomenon to a re°ection o® of a mirror, where
no signi¯cant energy is directed out of the main
beam path in the processof re°ection. Unlike
di®usemultipath, specular multipath is system-
atic and cannot be easily removed via ¯ltering
within the GPS receiver; a di®erent technique
for mitigating specular multipath is desirable.

The signal-to-noiseratio (SNR) recordedby a
GPS receiver can be used as a proxy for under-
standing and possibly correcting multipath er-
rors. SNR is a quantit y routinely measuredby
the receiver and is usedin a limited capacity for

data quality checking, in the sensethat low SNR
values indicate a large tracking error. Like the
carrier phasemeasurement, SNR is impacted di-
rectly by multipath signalsand can therefore be
usedto assesscarrier phasemultipath conditions.

Previous studies have incorporated SNR mea-
surements in correcting carrier phasemultipath
in aerospace environments (Comp and Axel-
rad, 1997; Reichert, 1999; Reichert and Axel-
rad, 1999)and geodetic GPS installations (Scap-
puzzo, 1997), but with limited success. Before
applying these SNR-basedmultipath mitigation
techniques to data acquired at geodetic GPS in-
stallations, it is important to ¯rst understand
any short and long-term trends in those SNR
measurements and what they tell us about the
multipath environment.

2 SNR Data Analysis

SNR is a measureof the ratio of the amplitude
of the recovered GPS carrier signal to the noise.
In a geodetic receiver the environment noiselevel
is constant, so SNR corresponds directly to the
GPS received signal strength. This SNR is de-
pendent on factors external to the receiver such
as GPS satellite transmit power, spaceloss and
atmospheric attenuation, and local factors like
the receiving antenna gain, tracking loop design
and multipath. To isolate multipath e®ects,we
must eliminate or reducethe external and other
local contributors to measuredSNR.

Unlike GPS code and phase observables, a
standard practice for computing and reporting
SNR has not been established. Thus, the re-
covered signal amplitude value and the units
used for reporting it di®er among manufactur-
ers. To useSNR e®ectively asa basisfor analyz-
ing multipath, onemust ¯rst understand the rep-
resentation used in the particular GPS receiver
model and then apply appropriate adjustments
for the receiving antenna pattern and incident
signal strength. The e®ectsof transmit power,
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Figure 1: SNR conversion for GPS27 at CASA,
02jun21. The SNR reported by a GPS receiver
(top) is dominated by the e®ectsof the receiving
and transmitting antenna gain patterns (center).
Removing the gain patterns and converting to
common SNR units (bottom) reveals SNR vari-
ablit y due to multipath.

spaceloss and antenna gain patterns can be re-
moved to the ¯rst order using published antenna
gain patterns (Schupler et al., 1994; SRI Inter-
national, 2002). Figure 1 shows an example of
the measuredSNR in the receiver's natural units,
adjustments for the antenna patterns and space
loss in dB, and ¯nally , the remaining variable
component of SNR, which should be indicativ e
of multipath.

As described by Comp [1996] and others, a
phasor diagram (Figure 2) can be used to de-
scribe the relationship between the phase error
±Á and the recorded SNR or composite signal
amplitude Ac. From Figure 2, SNR and phase
error for a single re°ector can be represented as
a function of direct and multipath signal ampli-
tudes and the multipath relative phaseÃ:

SN R ´ Ac
2 = Ad

2 + Am
2 + 2AdAm cosÃ (1)

tan(±Á) =
Am sinÃ

Ad + Am cosÃ
(2)

From Equation 1, changesin the multipathed or
direct signal amplitudes or the multipath rela-
tiv e phase will result in increasedor decreased
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Figure 2: This generalized GPS signal phasor
diagram depicts operation of a phaselock loop,
where the GPS receiver recordsin-phase(I ) and
quadrature (Q) components of the GPS signal to
determinea bestestimateof the carrier phaseÁd.
Here, an indirect or multipathed signal (ampli-
tude Am ) combines with the direct signal (Ad),
creating the composite signal (Ac) recorded by
the receiver. The phasesshown on the diagram
are the direct Ád, composite Ác, multipath rela-
tiv e phaseÃ, and the phaseerror due to multi-
path, ±Á.

SNR magnitude. The direct signal amplitude Ad

is a function of the gain patterns of the receiv-
ing and transmitting GPS antennas (discussed
above) and the output power of the transmitting
satellite. In addition to these factors, the in-
direct or multipathed component amplitude Am

is also highly dependent upon the re°ectivit y of
the re°ecting surface. In most environments the
re°ected amplitude is much smaller than the di-
rect signal amplitude, i.e. Am ¿ Ad. For small
A m
A d

, variations in SNR and ±Á are proportional
to cosÃ and sinÃ, respectively, yielding oscilla-
tions in SNR and ±Á which will be 90± out-of-
phasewith each other.

The foundation for SNR-derived phasecorrec-
tions is to use the SNR observable and the rela-
tionship in Equation 1 to ¯nd Ad, Am , and Ã for
each multipath re°ection and then apply these
estimatesin Equation 2 to construct a phasecor-
rection. In fact, for typical geodetic applications
utilizing the ionosphere-freecarrier phasecombi-
nation L3, a separatecorrection pro¯le would be
constructed for L1 and L2 and then combined in
the sameproportions as the phaseobservations.



In order to ¯nd the three parameters(Ad, Am ,
and Ã) for each re°ection, a seriesof SNR ob-
servations must be usedwith someassumptions
about the time dependenceof the parameters.
In this work we have assumedthat after remov-
ing the known dependenceon satellite elevation
shown in Figure 1, the direct signal component
(Ad) is constant, and the multipath amplitude
(Am ) varies as a function of satellite elevation
angle. The time dependenceof Ã is governed by
the satellite motion (causing the multipath pha-
sor in Figure 2 to spin around the end of the
direct signal phasor) and the location and orien-
tation of the re°ecting surface. For a horizontal
re°ecting surfaceat distanceh from the antenna
phasecenter, we ¯nd that the multipath relative
phaseis given by

Ã = 2¼
2h
¸

sinµ + Á0 (3)

whereÁ0 is a constant phaseshift that occurs at
the re°ecting surface(180± for a perfect conduc-
tor) (Reichert, 1999) and µ is the satellite eleva-
tion angle. We observe that the multipath rel-
ative phase for a horizontal re°ector is linearly
dependent on the sine of the satellite elevation
angle with a spatial frequency

! SN R = 2h=¸ (4)

The linear dependencenoted above allows a
signi¯cant simpli¯cation in the processof identi-
fying multipath parameters. By resampling the
SNR measurements in regular increments of sinµ
(Figure 3b), a periodogram can be usedto iden-
tify the spatial frequenciespresent in the data.
Each dominant frequency (! SN R ) in the peri-
odogramcorrespondsto a separatere°ecting sur-
face, and contributions from multiple re°ectors
can be summedtogether. Once frequencyvalues
are known, a least squaressolution for each Ad,
Am , and Á0 can be computed from the SNR time
seriesand a phasecorrection pro¯le may be con-
structed. The height of the antenna phasecenter
above each surfaceis found using Equation 4.

For geodetic receiver installations, the most
likely multipath re°ectors are the ground and the
antenna monument (Elosegui et al., 1995); thus,
the assumption of horizontal re°ecting surfaces
is quite reasonable. For antennas mounted on
sloped or nonuniform surfaces,somedegredation
due to this assumption should be expected.

Multipath degradesGPS positioning by intro-
ducing a rangeerror; for the carrier phaseobserv-
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Figure 3: a) L1 SNR data from ascendingpassof
GPS27asobservedJune 21-23(blue, red, green),
2002at CASA. SNR data are o®setby 100units
for display purposes. b) SNR data plotted as a
function of sine(elevation angle).

able, the true phaseis misreported as either too
large or too small and this error evolvesthrough
time. To assessthe impact of multipathed signals
on GPS positioning, carrier phasedata wereana-
lyzed using the GIPSY/O ASIS I I software devel-
oped at the Jet Propulsion Laboratory (Lichten
and Border, 1987). Preciseorbits from the IGS
(Beutler et al., 1994) were held ¯xed. The es-
timated parameters for each receiver are Carte-
sianposition, satellite and receiver clocks, carrier
phaseambiguities, and a zenith tropospherede-
lay. The L1 and L2 phasedata are linearly com-
bined to form the ionosphere-freeL3 observable.
Most geodetic receivers record observations at a
30-secondrate; this sampling rate was retained
for the GIPSY analysis. No model of multipath
is used in GIPSY; therefore any multipath sig-
nals present should be found in the carrier phase
post¯t residuals.

3 Multipath at CASA

The permanent GPS installation CASA, operat-
ing near Mammoth Lakes, California, provides
an example of SNR observations and their re-
lationship to multipath. The CASA monument
is a concrete pillar » 0.5 meters tall, situated in
a grassy ¯eld. The antenna is mounted » 0.1
m above the pillar top. No structures are lo-
cated near the antenna. CASA is in the Sierra



Nevada (at a height of 2390 meters), and sub-
ject to signi¯cant snowfall during the winter
months. The remainder of the year hasrelatively
stable weather conditions, with little rainfall.
The station itself has been operating the same
equipment (Rogue SNR-8000 receiver, Dorne-
Margolin chokering antenna) since1994and the
same¯rm ware since1999,providing a long time
seriesof available, consistent SNR data.

SNR data from CASA spanning June 2002to
June 2003were analyzed; data analysis involves
¯rst removing antenna gain and space loss ef-
fects from SNR data for a single satellite pass.
SNR data were interpolated to even spacing in
sine of elevation angle as required by Equation
3; the data were ¯rst divided into ascendingand
descendingsegments to avoid aliasing any sig-
nal present in the data when interpolating. Pe-
riodogramswere usedto determine SNR oscilla-
tion frequencies(cyclesper arc), which werethen
mapped to the e®ective re°ector height. These
antenna-re°ector distanceswerethen usedto cal-
culate reconstructed SNR and phase correction
pro¯les. Each satellite in view over the course
of a 24-hour period was analyzedindividually as
described above. In this study we rely on the
L1 SNR data only. The lack of civilian accessto
the L2 frequency P-code casts doubt upon the
reliablit y of the L2 SNR measurement; however,
SNR on the L1 frequency are consideredsound
due to the unencrypted C/A code. Thus, L2
SNR data were not usedin this study.

Over the spaceof several days, SNR data show
very consistent values. Figure 3 shows day-to-
day repeatabilit y of SNR data for a single satel-
lite in the month of June. Over the course of
a year (Figure 5), however, the SNR data are
found to be inconsistent in both frequency and
amplitude of oscillations. In the months of June-
November, the SNR data consistently show evi-
denceof horizontal re°ectors at heights of » 0.65
and » 0.20 meters, which roughly correspond to
distancesbetweenthe antenna phasecenter and
the ground or monument pillar top, respectively.
The amplitude of thesere°ectors do vary, which
could correspond to changesin the environment
(rainfall, vegetation growth, or obstructions on
the antenna mount). The winter months are
much more variable. In December, no signi¯-
cant re°ectors can be estimated from the SNR
data. One month later, a re°ector at » 0.21 me-
ters is visible, but the ground (peak at 0.64 m)
is now much lessre°ective. In February and and
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Figure 4: L3 GIPSY residuals for GPS30 on
02sep01,02dec01,03feb01,and 03jun01.

March there are signi¯cant re°ectors, although
the ground re°ectors are closer to the antenna,
» 0.5meters,which may correspond to signi¯cant
snowfall on the ground.

CASA position solutions were computed for
September, December, and February. If the
SNR analysis is valid, the CASA post¯t residu-
als should be smallest for December, and signif-
icantly larger for September and February. Fig-
ure 4 demonstrates that quantitativ ely this re-
lationship is valid, with post¯t residual RMS of
1.8 cm in December, 2.7 cm in September, and
3.2 cm in February.

The horizontal re°ectors estimated in the bot-
tom half of Figure 5 can be usedto compute car-
rier phasemultipath corrections. As an example,
the L1 SNR for September ¯nd strong horizon-
tal re°ectors at 0.12 and 0.67 m. For each of
these re°ector heights, carrier phasecorrections
(Equation 2) for the L1 and L2 carrier frequen-
cieswill di®er due to their di®erent wavelengths
(» 19.0 and 24.4 cm, respectively); the inverse
relationship between frequency and wavelength
dictates that close-inre°ectors such asthe monu-
ment top will createslower SNR oscillations than
far-o® re°ectors like the ground (Figure 6). The
full multipath correction is computed using the
L3 ionosphere-freedata combination.

An exampleof SNR analysisand carrier phase
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Figure 5: One year of SNR observations as seenon the ¯rst of each month (June 2002 to May 2003)
for the ascendingpassof GPS30. The top panel displays SNR data as a function of elevation angle,
and the bottom panel givesperiodogramsfor thesedata, where frequencieshave beenconverted to the
vertical antenna-re°ector distance for a representativ e horizontal re°ector.
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Figure 6: Predicted L1 and L2 multipath errors
for horizontal re°ectors at 0.67m (ground - blue
curves) and 0.12 m (monument - red curves) be-
low the average phase center, as a function of
elevation angle.

multipath corrections is shown in Figure 7. This
day waschosenbasedupon daily repeatabilit y of
both SNR and post¯t residuals for several con-
secutive days. From the periodogram of the as-
cendingpassof GPS 30, several peak frequencies
are contained in the SNR data. Since the peaks
near 0.23 and 0.62 m are physically signi¯cant
(corresponding to monument and ground re°ec-
tions), we chose to model carrier phase correc-

tions basedupon only the ¯rst two ! SN R max-
ima. A SNR pro¯le estimated using only these
two re°ectors corresponds well to the recorded
SNR (Figure 7b). Likewise,GIPSY post¯t resid-
uals for the same satellite show strong agree-
ment with L3 corrections (Figure 7c). Correc-
tions werecomputed for the full spanof the SNR
data (down to 5± elevation) whereas the GPS
data analysis and thus post¯t residualsonly use
data above 10± elevation.

4 Conclusions

The technique presented here of SNR-basedcor-
rections to GPS carrier phase multipath shows
promise. Sincemulitipath is unmodeled in GPS
positioning, one would expect this error to re-
main in the post¯t residuals. Our example(Fig-
ure 7) demonstrates close agreement between
post¯t residuals and the SNR-basedcorrection
pro¯le given very simple antenna environment
assumptions of ground and monument re°ec-
tions. Although the results presented here are
encouraging, this technique needsto be applied
to multiple stations of varying multipath com-
plexity and for all seasonsand weather condi-
tions for a complete evaluation of the technique.

The sensitivity of SNR to changesin the mul-
tipath environment, as shown by the winter
months of Figure 5, can be both a strength and
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Figure 7: Resultsof re°ector estimation and car-
rier phasecorrections for the ascendingpass of
GPS30 on June 1, 2003. a) Periodogram with
re°ectors at 0.23 and 0.62 m marked by circles.
b) SNR recordedby the receiver with the recon-
structed SNR (bold line). c) Comparison of L3
post¯t residualsand phasecorrectionsgenerated
from the SNR analysis.

a liabilit y. Changesin SNR amplitude and fre-
quencyof oscillation can indicate changesin sur-
face re°ectivit y or re°ector height, respectively,
and consequently changes in the carrier phase
multipath errors. In this case, SNR provides
a dynamic measure of multipath errors which
a static physical antenna environment model
could not accomplish. However, the results
from February 2003provide a cautionary exam-
ple where SNR variabilit y may not follow mul-
tipath assumptions. Early February SNR data
are highly repeatable and oscillatory, but SNR-
basedphasecorrections do not properly mirror
post¯t residuals. It is likely that snow resting
on the antenna dome could create phasedelays
and therefore phaseerrors which show up in the
residuals,yet theseerrors cannot be modeled by
multipath assumptionsof horizontal re°ectors.

Other di±culties may present obstaclesto au-
tomated application of SNR-basedphasecorrec-
tions. First, there are no standard units for
reporting SNR so that SNR measurements can
vary signi¯cantly betweenGPS receiver models.
Knowledgeof SNR units is crutial to proper gain
pattern removal and scaling in order to yield
meaningful phasecorrections. Also, doubtful L2
SNR measurements due to lack of direct P-code
accesseliminatesanother possibledata sourcefor
multipath identi¯cation and correction. The De-
partment of Defenseplans to add a civilian code
to the L2 frequency (L2C) on the next genera-
tion of GPS satellites (Fontana et al., 2001). An
unencrypted code on a secondfrequency would
make L2 SNR-basedcorrections more feasible.
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