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[11 GPS multipath, where a signal arrives by more than one path, is a source of
positioning error which cannot be easily neutralized. Better understanding of the multipath
environment, i.e., the direction of and distance to reflecting objects, is important for
multipath mitigation during the site construction phase as well as discerning the impact of
multipath on positioning estimates for existing sites. This paper presents a tool called
power spectral mapping that visually represents the multipath environment of a GPS site.
This technique uses the spectral content (frequency and magnitude) of signal-to-noise ratio
(SNR) time series to determine which satellites, and therefore which portions of the
antenna environment, contribute significant multipath error and at what frequencies.
Wavelet analysis is used to extract the time-varying frequency and magnitude content of
various multipath constituents, and these data are projected onto a map representing the
GPS antenna surroundings. Power spectral map examples from stations with very different
multipath environments are presented. The maps are interpreted in terms of potential
sources of multipath reflections, and how these multipath signals contribute to positioning

error at each station is also assessed.
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1. Introduction

[2] Multipath is defined as one or more signals arriving
at the GPS antenna by indirect paths. Two main catego-
ries of multipath exist: diffuse and specular multipath.
Diffuse multipath, where the GPS signal is incident on a
rough surface and the reflected signal is scattered in
multiple directions, is generally uncorrelated with time
and noise-like in behavior [Braasch, 1996]. In contrast,
specular multipath, where the GPS signal is reflected
from a relatively smooth surface, results in systematic
errors in both pseudorange and carrier phase measure-
ments. These systematic errors can be substantial and
may lead to range errors on the order of meters for the
pseudorange and several centimeters for phase measure-
ments [Braasch, 1996]. Since precise positioning soft-
ware [e.g., Hugentobler et al., 2001; King and Bock,
1997; Zumberge et al., 1997a] assumes a direct path
between satellite and receiver, i.e., multipath does not
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exist, the presence of multipath errors in the GPS
observables ultimately leads to positioning errors. Mul-
tipath error will also influence other scientific products
derived from GPS observables, including timing [Ray
and Senior, 2003], water vapor products [Braun et al.,
2001], and seismic waves [Larson et al., 2003]. Thus an
understanding of the causes and magnitude of multipath
errors is important.

[3] Recent GPS studies and applications motivate the
need for improved multipath characterization techniques,
as these studies and applications provide an increased
appreciation for the temporal and spatial complexity of
site-specific multipath environments. With the advent of
high-rate applications [Bock et al., 2004; Larson et al.,
2007], errors due to multipath which have been largely
ignored for 24-hour position estimates are now of greater
concern. For example, in high-rate positioning solutions
measuring seismic waves, multipath phase errors can
have amplitudes and frequencies similar to the signal of
interest [Larson et al., 2007]. A method to evaluate the
multipath environment at different frequencies and with
a sense of orientation is therefore of great value.

[4] Conventionally, assessments of multipath error
involve computing the pseudorange multipath combina-
tions, MP1 and MP2 [Estey and Meertens, 1999]. For
example, the IGS (http://igscb.jpl.nasa.gov/) tracks mul-
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tipath statistics by computing these multipath observ-
ables for each site, computing a single RMS for the day,
and comparing that value to the global network. This
type of multipath measure has some drawbacks. First,
summarizing multipath error with a single number for
each day and station comes at the expense of a sense of
multipath direction and magnitude differences. Another
limitation of using MP1/MP2 is that it is also a measure
of pseudorange precision. As reported by geodetic
receivers, the pseudorange and thus MP1/MP2 observ-
ables are highly dependent on proprietary smoothing
algorithms; therefore, inferring the carrier phase multi-
path environment from pseudorange data is inherently
problematic. Large improvements in MP1/MP2 RMS
more likely indicate changes in receiver firmware or
antenna [Ray and Senior, 2003] than the actual multipath
environment.

[5] Some methods already exist to capture the orien-
tation and reflectivity of objects in the GPS multipath
environment, but each comes with relative advantages
and disadvantages. Park et al. [2004] built a directional
antenna that could be used to precisely measure the
orientation and magnitude of multipath effects, but this
system has only been tested for the L1 frequency and
requires reoccupation of the site if multipath conditions
change. Similarly, ray tracing or modeling software
[Hannah et al., 1998; Byun et al., 2002] is capable of
depicting multipath directionality and magnitude when
provided with precise measurements of all objects in the
antenna environment; this kind of information is labor-
intensive and rarely available in practice. Alternatively,
several different types of time series can be derived from
GPS observations and mapped to their respective satel-
lite-receiver geometries, negating the need for on-site
measurements. For example, GPS phase and pseudor-
ange data can be linearly combined as in Wanninger and
May [2001], but this method requires one or more
multipath-free stations to form double differences. Map-
ping with the pseudorange multipath combination (MP1/
MP2) [Ogaja and Hedfors, 2007; Hilla, 2004] allows
analysis of a single station, but suffers from smoothing
algorithms and pseudorange noise as described above.
GPS data can be analyzed to yield solution postfit
residuals [Iwabuchi et al., 2004; Morken et al., 2003;
Reichert, 1999] for mapping purposes, but this requires a
full positioning solution. In solving for position with
least squares, multipath error will be distributed among
estimated parameters (e.g., receiver clock and atmo-
spheric delay) and the postfit residuals of other satellites
in view, making it difficult to assign errors to a particular
direction.

[6] This paper discusses a new technique for mapping
the multipath environment at a GPS site that is distinct
from most previous efforts in the following ways. First,
we use signal to noise ratio (SNR) data rather than the
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phase or pseudorange observables. SNR is an observable
commonly recorded by GPS receivers and easily
reported in the RINEX format [Gurtner, 1994] that is
sensitive to carrier phase multipath. By using SNR, we
avoid positioning analysis, residuals, and the intrinsic
redistribution of multipath error, and also avoid any need
to double-difference. Additionally, dual-frequency
receivers record SNR for both GPS frequencies (L1
and L2), allowing independent assessment of multipath
effects on each frequency. SNR has been plotted on a
satellite-by-satellite basis in previous studies (e.g., http://
www-gpsg.mit.edu/~tah/snrprog), but we grid informa-
tion derived from SNR (not the raw SNR themselves) to
combine data from multiple satellites into a single
picture. Secondly, the method described here is tempo-
rally dependent, in that SNR values from different days
are inherently sensitive to changes in the multipath
environment, unlike single-occupation calibration hard-
ware or simulation software which assumes a static
environment. Finally, this method evaluates multipath
as a function of frequency, which in turn is related to the
distance between the receiving antenna and the reflecting
object. Physical parameters such as reflector distance and
multipath amplitude will enable an analyst to evaluate
the relative severity of multipath conditions and the
objects responsible for these conditions, as is described
below.

2. SNR and Phase Multipath

[7] Under the simplified model of GPS receiver re-
sponse to tracking direct plus short-delay (less than
1.5 chips) reflected signals, carrier phase multipath is
directly related to SNR. Long-delay multipath signals,
where the reflected signal is delayed by greater than
0.1 miliseconds for C/A code and 0.01 milliseconds for
P-code, will be rejected by the tracking algorithms.
Derivations of the relationships between carrier phase
error and SNR for short-delay multipath have been given
by many others [Georgiadou and Kleusberg, 1988;
Comp and Axelrad, 1997; Reichert, 1999; Ray, 2000;
Axelrad et al., 2005], but because these relationships are
less well known outside of the engineering literature a
brief derivation is provided. The below equations demon-
strate that the frequency content of SNR data is directly
related to the multipath environment, and with spectral
analysis of SNR time series we can better understand the
probable location of reflecting objects and severity of
multipath errors resulting from these reflections.

[8] SNR data used in this study come from the S1 and
S2 observables as reported in standard RINEX format
[Gurtner, 1994]. The RINEX specification states that S1
and S2 observables are “raw signal strengths or SNR
values as given by the receiver for the L1, L2 phase
observations”. Under this definition SNR and signal
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Figure 1. Phasor diagram describing carrier tracking
loop operation and demonstrating the relationship
between in-phase (/) and quadrature (Q) channels. Under
multipath-free conditions, the loop will track the direct
signal of amplitude 4, and phase ¢,. When a multipath
signal (amplitude 4,,) is introduced, the receiver instead
records the composite signal (4.) and its phase ¢..
Tracking the composite signal biases the true phase ¢, by
the phase error due to multipath, d¢; the multipath
relative phase v represents the phase of the multipath
phasor relative to the direct.

amplitude are terms that can be used interchangeably;
assuming a constant level of noise, SNR is simply a
scaled version of the signal amplitude or strength. In the
following discussion, we predominantly use the term
SNR to be consistent with other literature on this subject.

[9] In many GPS receivers, SNR is derived from the
carrier tracking loop outputs. We represent the carrier
tracking loop [Ward, 1996] in terms of a phasor diagram
(Figure 1) that shows the phase relationship between the
in-phase (/) and quadrature (Q) channels used in the
carrier tracking loop. When no multipath is present,
the phasor diagram would contain a single phasor of
amplitude 4, any misalignment of the local and incom-
ing carriers results in a nonzero phase angle ¢,, and the
GPS carrier phase is measured by keeping track of ¢,,.
The amplitude of the direct phasor is equivalent to the
signal amplitude or reported SNR, 4, = SNR. When
multipath is introduced, one or more additional phasors
are added to the phasor diagram. The carrier tracking
loop attempts to track a composite signal which is the
vector sum of all phasors (direct plus multipath sig-
nal(s)); the SNR then becomes a measurement of com-
posite signal amplitude, SNR = A.. Using the law of
cosines and geometric relationships expressed in the
phasor diagram, composite SNR due to the direct signal
plus one multipath reflection can be expressed as

SNR? = A2 = A5 + A% + 2444, cos Y (1)
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In this expression, SNR is a function of multipath
amplitude 4,,, direct amplitude 4, and multipath relative
phase .

[10] Relating ¢ to physical characteristics of reflecting
objects allows us to relate SNR to the environment
surrounding the GPS antenna. We describe each reflect-
ing object by its orientation (Figure 2), specifically the
perpendicular distance between the antenna and the
reflecting surface (%), the angle of reflection off of the
surface (0), and the tilt of the surface relative to local
level (7). As shown by Georgiadou and Kleusberg
[1988], the first two factors determine the path delay 6,
the additional distance traveled by an indirect (multipath)
signal relative to the direct:

6 =2hsin 3 (2)
Path delay is simply the spatial equivalent of multipath
relative phase. By incorporating L1 or L2 GPS
wavelength () into this relationship, path delay is
expressed in terms of the multipath relative phase. In
addition, from the forward scattering geometry of
Figure 2, note that vy and ( are related to the satellite

Figure 2. Geometry of a forward-scatter specular
multipath reflection from a planar surface tilted at angle
~ relative to local level and located at a distance 4 from
the antenna phase center. The angle of incidence [ at the
surface is equivalent to the angle of reflection, and 6 is
the satellite elevation angle. Bold arrows show the
additional path length (2/sinf3) traveled by the multipath
signal relative to the direct. All objects are considered
coplanar (no third dimension).
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elevation angle, i.e., # = 3 + 7. We more completely
describe the reflector orientation by incorporating the tilt
of the reflecting object 7y into equation (2):

2T 2 .
S 76 = 72hs1nﬁ
2
W= ;Zh sin(f — ~) (3)

Recognizing that the time-dependent behavior of SNR is
dominated by the cosine of ¢ (equation (1)), we note that
changes in SNR are related to the rate of change of ). By
assuming persistent reflecting objects so that v is time-
independent, we develop a term for the multipath
frequency:

dy 2 do

s
i TZh cos(6 — ) 7 4)

Satellite elevation angles are easily determined from GPS
orbital information, so the # and d0/dt terms are known
quantities. However, without knowledge of the GPS
antenna’s surroundings, the distance to and tilt of
reflecting objects are both unknowns. If we assume all
reflecting surfaces are horizontal (parallel to local level)
at the point of reflection (y = 0°), the only unknown
quantity in the multipath frequency equation is the
distance to the reflecting object (%):
diy 2w

do
i 72h COSHE (5)

Equation (5) is key to interpreting the maps we describe
below. Slow oscillations in SNR (small d¢//dt) will result
from nearby objects, whereas fast or high-frequency
oscillations in SNR (large dv/df) are generated by
reflections from distant objects. Equation (4) shows that
tilted surfaces will yield slightly different di/dt than
equation (5), so that if horizontal surfaces are incorrectly
assumed, precise height determinations would be biased.
However, in this study, the range of frequencies and
possible heights studied in each power spectral map is far
greater than any effect introduced by angled surfaces.
[11] Satellite motion substantially affects the period of
multipath reflections due to the contributions of the cosf
and d6/dt terms in equation (5). When taking all satellites
observed from a single station over the course of
24 hours, a large range of satellite elevations and rates
of motion are possible. Consider a station at midlatitudes
in the northern hemisphere, with some satellites passing
directly overhead while others have short passes with
small maximum elevations. For predominantly N—S sat-
ellite passes which reach high elevation angles, cosf
approaches zero at the same time that df/dt becomes large.
Conversely, satellites observed to the east and west will
move more slowly (small d6/dt) and at lower elevation
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angles (cosf ~ 1) than satellites passing overhead. How
strongly these satellite motions drive multipath frequen-
cy depends on the distance to the reflecting object, 7 —
when / is small, 0 terms will dominate; with large /4, cosf
and d6/dt terms are less dominant. Thus reflections from
nearby objects may lead to a large range of expected
multipath periods depending on the satellite, whereas
multipath from distant reflectors will result in a tighter
range of possible periods.

[12] Determining the location of reflecting objects is
most relevant if we can also understand the magnitude of
each object’s contribution to positioning error. The
carrier phase error due to multipath 6¢ contributes to
positioning error, and is described by the phasor diagram
(Figure 1). The phase error will be maximized when a
multipath phasor is at right angles to the direct, i.e.,
multipath relative phase 1) = 90° or 270°. Therefore, the
maximum possible phase error due to multipath (in
radians) is only a function of the direct and multipath
amplitudes:

8¢ = arctan (j—m) (6)

d

Angular error is easily converted to an equivalent phase
error in distance units when multiplied by M27. Thus,
determining multipath and direct signal amplitudes
allows computation of the maximum possible phase
error due to multipath.

3. Power Spectral Map Formation

[13] To summarize the relationships described above,
the time-dependent behavior of SNR data has a direct
relationship to the multipath environment - as the satellite
moves through the sky, the reflection point of a multipath
signal moves, changing the path delay (equation (2)) of
the reflected signal relative to the direct and therefore the
multipath relative phase (equation (3)). If the reflecting
object’s dimensions are sufficiently large, the multipath
relative phase will rotate through one or more complete
revolutions as the satellite moves and therefore the
reflection point also moves across the object’s surface.
This motion creates a time-varying or oscillatory signa-
ture in SNR measurements.

[14] Therefore, given the assumption of reflectors
whose orientation does not change over one or more
multipath cycles, one can use localized estimates of SNR
spectral power to effectively map the multipath environ-
ment. In the method described here, localized estimates
of multipath frequency and amplitude are computed
using the wavelet transform. Concentrating on a spectral
band of interest, the wavelet power at every epoch is
assigned to a satellite location (azimuth and elevation),
then combined with spectral data from all available
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