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Carrier phase multipath mitigation based on GNSS signal quality measurements

Christian Rost and Lambert Wanninger

Abstract. Carrier phase multipath caused by signalence based on signal quality measurements. The ma-
reflections in the vicinity of GNSS stations is a ma-jority of solutions employing signal quality measure-
jor error source of precise differential positioning. ments are found in post-processing applications. For
Detection and mitigation of carrier phase multipaththis purpose, the signal quality measurements (signal-
errors can be based on signal quality values (e.do-noise ratios or carrier-to-noise ratios) are used to es-
signal-to-noise ratio values) as provided by GNSS retimate carrier phase multipath errors. Early research
ceivers. These values are influenced by various fagesults were published by Axelrad et al. (1996), Comp
tors as e. g.the actual strength of the transmitted sigagnd Axelrad (1998), Reichert and Axelrad (1999). A
nal, space loss, atmospheric effects, and antenna gaietailed discourse and newer results on multipath er-
pattern. After their removal, deviations from nominalror estimating based on signal quality measurements,
signal quality values mainly contain multipath infor- are given in Bilich (2006), Bilich and Larson (2007),
mation which can be used to calculate carrier phasBilich et al. (2008) and Lau and Cross (2005, 2006).
multipath corrections. The described technique is validhis paper describes a new efficient processing strat-
only for observations collected in static mode and sinegy to determine carrier phase multipath corrections
gle dominant reflectors. Practical experiences showased on signal quality measurements.

that corrections based on signal quality observationghe following section discusses multipath effects on

are able to remove a large portion of the carrier phasgarrier phase observations and on signal quality obser-
multipath errors. vations, and how these two effects are connected. The
third section describes our processing strategy in more
detail. Section 4 presents test results and examines the
limitations of the presented technique. The paper does
not deal with multipath errors of the code observable.

Keywords. GNSS, carrier phase multipath, signal-
to-noise ratio, signal quality

1. Introduction

Multipath caused by diffuse or specular reflections2. Carrier phase multipath and GNSS signal
(Braasch 1996, Hannah 2001) in the vicinity of GNSS  quality theory

(Global Navigation Satellite Systems) stations is a ma-

jor error source of cm-level positioning. Multipath ef- 2-1.  Phase Multipath Model

fects on code and phase measurements differ consi
erably. The maximum carrier phase error is frequenc
dependent and amounts to 4.8cm and 6.1 cm for GP, : : : . :
frequencies L1 and L2, respectively (Georgiadou anfCt however, the direct signal is superimposed by in-

Kleusbera 1988). Cod ltinath h irect signals which are either reflected in the antenna
eusberg ). Code multipath errors, however, Carsgurroundings (Figure 1) or at the transmitting satellite.
reach up to several meters.

This causes the received signal to become a compos-

multipath influences. Basically, they can be dividedgjrect signal.

mto two _categorle_s: mpltl-antepna systems and S_OIUEet us assume that there is just a single reflected sig-
tions which exploit the information content of the SI9- 4l involved. In this case the direct signa, the one
nal quality measurements. Multi-antenna systems COUfiacted signasr and the composite signs,(l; can be

pIe_a number of smal! and closely.spaced antenn.as Efescribed after Bishop et al. (1985) and Georgiadou
a single antenna. It is thus possible to detect signa] Kleusberg (1988) by

disturbances, e.g. caused by multipath, and mitigate
their effects on the observations (Brown 2001, Brown
and Mathews 2005). Multi-antenna systems are ca-
pable for working in real-time. Ray (2000) uses the sp = Ap - COS¢p, (1a)
well-known geometry of several closely spaced (not

coupled) antennas to determine the multipath influ- sg = a - Ap - cos(¢p + AgRr) , (1b)

Hieally, a signal transmitted by a satellite arrives at a
ceiving antenna on its direct path only. In actual
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% of a received GNSS signal is commonly described by
its carrier-to-noise ratio (using powéfan; of the un-

modulated carrier at the receiving antenna). Due to
the filter process of the modulated signél,is neg-
ligibly smaller thanC' (assuming the same reference
point). Nevertheless, signal quality is given either as
signal-to-noise ratio{/N) or as carrier-to-noise ratio
(C/N).
The system noisé&V affecting the signal quality orig-
inates from various sources. Langley (1997) exam-
ined the origins of noise and assessed their effects
on GNSS observations. Pseudorange code and carrier
phase measurement errors depend on the ratio of signal

Figure 1: Multipath due to signal reflections in the sur-POwer (' or S) and system noise\). Due to the fact

roundings of a GNSS station. Direct signal and indirecthat noise and signal are amplified in the same way
signals form the composite signal received at the antenna.(between antenna and correlator output), these ratios

are almost identical:

Sc = Sp + SR,

CAnt -~ SCorr ~ S, (4)
= Ap - COs¢p + o - Ap - c0S(¢p + A¢Rr) . (1€) Nant  Ncorr o

The system nois&' is several magnitudes smaller than
éhe signal strengtly. Therefore, the values are usually
converted to decibel (dB):

where Ap denotes the amplitude (in volts) amg the
signal phase of the direct signal. The amplitude of th
reflected signal is attenuated by(0 < « < 1) and
its phase is shifted with respect to the direct signal by

ApR. Sq (dB) =10-10g;,(S5q) - (5)
The amplitudedc of the composed signal can be writ- |, order to ensure comparability among various GNSS
ten as receivers,S/N is often normalised to a specific band-

width, e.g. 1Hz. Hence, system noidéis substi-
tuted by the product of noise power densi¥y and
Ac= Ap-V/1+2-a-coshgr+0a?, ()  |oop bandwidthB, :

and the carrier phase error due to multipath interfer-
ence as N =Ny B,.. (6)

Sp = arctan(a - SinAdr > . (3) Equations (5) and (6) yield the normalised signal qual-
1+ a- cosAgr ity (Butsch 2002):

The theoratical maximum carrier phase error occurs

for a = 1 andA¢r = w. This yields maximum phase

range errors of 4.8 cm and 6.1 cm for GPS L1 and L2, 5Q, (dBH2) = 10109, (5q) (dB) + Bi. (dBHz).
respectively. (7)

Sq, is an important parameter for characterising or
comparing the performance of GNSS receivers. The
Signal quality is a generic term which describes the rauser should however be careful when comparing dif-
tio of signal power to noise power. The signal strengtiferent GNSS receivers. Some manufacturers, e.g.
can be defined either by amplitudé (in volts) or  Trimble, have provided signal quality in arbitrary
power .S (in watts). Signal-to-noise ratio can usually manufacturer units (AMU) for older receiver models.
be found in the context of signals at baseband (usfhese AMU are receiver dependent and need to be
ing power Scorr Of the modulated signal at correlator converted taSqg or Sq, by a conversion formula. The
output) (Langley 1997, Butsch 2002). As written in converted values can differ up to 3 dB from the original
Langley (1997) and Ward et al. (2006b), the qualityvalue (Butsch 2002).

2.2. GNSSsignal quality
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ICD-GPS-200D (2006) defines the minimum received
signal strength with —160 dBW. If the signal strength
falls below this specified minimum it is usually not N
possible to correlate the received signal with the lo- T AN A, = 72
cally generated replica. The new generation of GPS Ag " o
satellites (Block IIR-M) includes a modernised an- ’,..v;;'(}):max
tenna panel that provides increased signal strength - g
(Lockheed Martin 2007). As a consequence, each 1o a=03
satellite must be analysed separately in respect to its
signal quality measurements.

Th.e transmitted s!gpal strength is influenced by thie:igure 3: Phasor diagram: in-phasB @nd quadrature
gain of the transmitting satellite and thus by the satel- hase Q) components of direct signal (amplitudép,
lite type (Czopek and Shollenberger 1993, Misra andhpase angieyp), one reflected signal (selected attenuation
Enge 2006, Ward et al. 2006a), as well as by polarisgactor = 0.3, amplitudeAg, relative phaséd¢g), and the
tion errors (Misra and Enge 2006, Ward et al. 2006aj)esulting composite signal (amplitud:, phase anglec).
and by the position of the solar panels and moon turfihe phase error due to multipath, is labelbed
manoeuvres (Czopek and Shollenberger 1993). The

signal is moreover affected by free space attenuatiofers:

and atmospheric loss. Both effects greatly depend on

the elevation angle of the satellite (Spilker 1996). The

gain of the receiving antenna, cable attenuation, and (As@)” = A% = Aj + AR + 2ApArCOsA¢r. (8)
correlation errors also decrease signal power.

SubstitutingAr by the ratio of indirect and direct sig-

(BL = 1dBHz)for L1 ofa full-arc pass of a GPS SateI'NegIecting the influences on the signal strength de-

lite. The difference of the signal strengths lc’(_‘\t\'\’e(_‘\nscribed above, the amplitude of the indirect/reflected

lowest and highest elevation angle reaches 10cIBHZsignal and the multipath relative phase will be the dom-

mainly caused by the elevation dependence of the "Shant factors in the equation (8). In the presence of

ceving antennas gain. Itis necessary to remove th'?nultipath,A(bR changes with time, thus causing fluc-
elevation dependence in order to extract carrier phaste

. . . . . Gations of the signal-to-noise ratio measurements.
multipath information from these signal quality obser- ) o _
vations. Equations (2) and (8) require signal quality measure-

ments in units of volts (Bilich 2006). Our experience
has shown that a resolution of at least 0.25 dB of signal
2.3. Link between signal quality and carrier phase quality values is required_
multipath

The connection of signal quality and carrier phase mulg' Carrier phase_ multlpath estimation based
on measured signal quality

tipath parameters can be shown in the phasor diagram
(Figure 3). In-phasel and quadrature phas€)X The processing algorithms are based on equation (2)
components are used to determine the carrier phasgnd assume specular reflection from one horizontal re-
The relations shown in figure 3 can be used to expresfector (which is of larger dimension than the signal
the signal-to-noise ratio in terms of multipath paramewavelength). Furthermore, knowledge of the magni-
tude of the direct signal amplitudelf) is required. In
absence of an antenna gain pattern of the receiving an-

60

5 ™. tennaAp is estimated by a polynomial fit to the signal

oy 1¥'z  quality measurements (Figure 4).

S 40 5 . . . .

g e e 1y 2 The ratio of the amplitude of the composite sigria
20}- . - Blovation PRN 09 S . - and the amplitude of the direct signd}p is obtained
200500 204100 207700 211300 214900 218500 222100 from (2):

GPS second (DOY08:260)
. . . At A
Figure 2: Normalised carrier-to-noise ratity N for L1 of Q= 4C \/1+ 2. a - cosAdR + a2. (9)

a full-arc pass of a GPS satellite. - Ap
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The attenuation facter is assumed to be constant overUnfortunately, we do not have any information of
limited periods of time. Thus, fluctuations in this ratio changes of)) with A¢g in the first place. What we
Q of signal amplitudes are related to variationdgf.  can estimate from the raw signal quality values, how-
The key idea of our approach is to differentiglevith  ever, are changes ¢) over time (compare Figure 4).

respect ta\¢r: The connection comes from the geometry of satellite
orbits, reflector, and antenna. In this case we have

_ restricted ourselves to the simple geometric situation

d@ a SINAPR of one horizontal reflector below the antenna horizon

— . (0
dAgr V/1+ 20 cosApR + o2 (10)

(Figure 5). The incidence anglg, at the reflector
equals the angle of reflectiofyy, and furthermore:

Rearranging equation (3) to gain an expression for90 — (j,) = (90 — (out) = el. This results in a model
asinA¢r and substituting the numerator of the rightof the changes digg with time:

hand side of equation (10) yields equation (11). Fur-
ther rearrangements and the application of trigonomet-

ric relationships finally gives equation (12). Ir = 2hsinel, (14)
2
AR = IR, (15)
d tand¢ - (1 + a cosA
Q _ tando (1+acoshir) gy dAgr 27 del
dAgr V/1+ 20 cosA¢r + a2 G = ) 2hcosel. (16)
tando
- _ >’ Changes of the satellites elevation angle with time
\/ 1+ (%) (del/dt) can easily be computed from broadcast
ephemeris. Figure 6 shows examples @f/dt-values
— _M7 as a function of the elevation angle. The vertical dis-
V1+tartdo tance between antenna and horizontal reflector must be
dq@ ins 12) known.
& = —sinjo. . : .
dA¢r ¢ When applying this process to real observation data,

Consequently, the carrier phase multipath error is ok

tained by differentiating) with respect td\¢r:

B . (d@
0p = — arcsm<dA¢R) .

CIN, inV

100 —— A PRN 09 (f,= 1575.42 MHz)

"""""" :r"""' === A, (polynomial fit)
H

0.8
04]
0.0[ 4]

Q, unitless

|
f=4
N

—0.8

200500 204100 207700 211300 214900 218500

GPS second (DOY08:260)

222100

Figure 5: Multipath caused by a horizontal reflector. The

Figure 4: Amplitude separation for a full-arc pass of a GPSlistance between antenna phase centre and reflector is la-
satellite. (a) Amplitudedc of the composite signal (solid) belled withh. In this case the incidence angjg at the sur-

and amplitudeAdp (polynomial fit to the raw data) for the face is equal to the angle of reflectign: The additional
direct signal (dashed). (b) Residuals as a result of the ratipath length/r (in meter) which is due to surface reflection

Q = Ac/Ap (shifted by —1).

is shown as a bold (red) line.
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Figure 6: Change of elevation per 10 seconds (dk) as a
function of the elevation! itself, calculated from broadcast
ephemeris.

station HIGH (4 = 1,4 m) staton LOW (h=0,7 m)

the differentiation shown in equation 13 is achieved byF igure 8: Station set-up with different tripod heights.

using the differentiation property of Fourier transforms

(Misra and Enge 2006, sec. 8.5.3). _ o
flected signals originate from the car park surface and

to avoid signal diffraction by trees in the surroundings.

Carrier phase multipath corrections were estimated
Data sets were collected at the car park of the Dresrom signal quality measurements using equations (10)
den Exhibition Centre in order to verify the theory and (16). The direct signal amplitudes were deter-
described above. Two Leica GRX1200GG Pro remined by polynomial fits to the raw signal quality mea-
ceivers connected to light-weight Septentrio antennasurements. Figure 9 gives an overview of all correc-
(PolaNt) recorded observations for more than 10 hoursions as a function of the signal incidence angle. It con-
on day 260/08. The antennas were set-up at differefirms that no azimuth dependencies exist. Due to the
heights: station HIGH and station LOW (Figure 7, 8). large horizontal reflector, the corrections are a function
The car park surface is a strong reflector. MultipattPf antenna height and elevation angle only. Further-
caused by this large and horizontal reflector should afnore, the two kinds of surface materials seem to re-
fect all satellite signals independent of their incidencdlect the GPS signals with similar attenuation factors.
azimuth, but influenced by antenna height and inciThe most noticeable corrections were obtained for el-
dence elevation. That is why a set-up with very dif-evation angles below 30.
ferent antenna heights was chosen to ensure differem order to enable a validation of the calculated car-
multipath effects. rier phase multipath correction® the short (20m)
Observation data of all satellites above an elevation arfaseline HIGH — LOW was processed with the base-
gle of 10 were selected for detailed analysis. Thisline processor Wal. Antenna phase centre corrections
elevation mask angle was chosen to ensure that all réere taken into account. In such a short baseline satel-
lite clock and orbit errors as well as ionospheric and
e Tvw wwgw w tropospheric effe_cts cancel out by_forming sipgle dif-
ference observations, so that multipath remains as the
N dominant error source. Validation is performed on the
e LTI a observation level, i.e. by analysing the double differ-

4. Practical experiences

b R .
. T ence phase residuals (Hofmann-Wellenhof et al. 2008),
. LOW:® o as well as on the coordinate level.

CHIGHS In order to validate the potential of the presented al-

gorithm, the estimated carrier phase multipath correc-

tions &b were applied to the original observations of

R both stations. Double difference residuals were com-

T e _ PR RTINS puted for three kinds of solutions: L1, L2, and the
———— - D] » ionosphere-free linear combination LO. The compari-
m son of original with corrected double-difference resid-

b e N | | i i

Ak uals reveals that a large portion of the carrier phase
multipath effects can be removed (see sample in Fig-

Figure 7: Observing stations at Dresden Exhibition Centreire 10). This is especially true for multipath at lower
car park. elevation angles because of its shorter periods. On
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Figure 9: Estimated carrier phase multipath correcti&iﬂsﬁor stations HIGH (left) and LOW (right). Satellite track$ o
PRN 09 and 12 are added to the polar plot.

the other hand, no improvements could be achieve
for multipath periods longer than two hours which oc-
curred at higher elevations.

‘Fable 1: L1, L2 and ionosphere-free LO double difference
residuals from original and corrected data.

RMS values across all double difference residuals ex- RMS, in mm
perienced a reduction of approximately 25% whenever
multipath corrections were being applied (Table 1).

The effects of multipath corrections were also tested original 81 86 266
corrected a3 65 198

data set L1 L2 LO

on the coordinate level. Single epoch baseline coor-
dinate solutions were computed from the original as
well as from corrected data set. The distribution of L1

coordinate residuals is shown in Figure 11. The num-
ber of residuals being smaller than a few millimetres

is greater for the corrected observations in comparison
to the original data. The number of residuals being
greater than a few millimetres decreases after applying
corrections.

Table 2 summarises RMS values for L1, L2 and
ionosphere-free LO solutions separately for the hori-
zontal components and height. Carrier phase multipath
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Figure 10: Comparison of double differences for L1 (top),
L2 (middle) and LO (bottom) calculated from phase obser-

vations (dashed) and estimated carrier phase multipath errrigure 11: L1 single epoch coordinate residuals from origi-
(solid). The curves are low pass filtered for clarity. nal and corrected data.

residuals, in cm
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Table 2: RMS-values of L1, L2 and ionosphere-free L0 <inDue to several restrictions, the described technique can

gle epoch coordinate residuals from original and correcteffO! be used for multipath mitigation in general. Itis,

data. however, a promising approach for carrier phase mul-
tipath reduction of GNSS reference station observa-
RMS, in mm tions.
original corrected
signal north/east/up north/east/up Acknowledgments
L1 3.9/2.0/ 6.0 2.8/1.6/ 4.7
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L2 4.0/23/ 7.0 2.6/2.0/ 5.4
LO 12.2/5.9/20.0  7.9/4.8/15.0
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