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   GNSS 
Solutions: 

How Does Non-
Line-of-Sight 
Reception Differ 
From Multipath 
Interference?

I t is well known that GNSS signals 
may be reflected by buildings, 
walls, vehicles, and the ground. 
Glass, metal, and wet surfaces are 

particularly strong reflectors. 
These reflected signals can inter-

fere with reception of the signals 
received directly from the satellites, 
a phenomenon known as multipath 
interference, or just multipath, 
because the signal is received via mul-
tiple paths. However, cases also occur 
where the direct signal is blocked and 
only a reflected signal is received. This 
non-line-of-sight (NLOS) reception is 
particularly common in dense urban 
areas where tall buildings block a lot 
of the signals. Figure 1 illustrates both 
phenomena.

Within the GNSS community, it is 
commonplace to classify NLOS recep-
tion as multipath. However, the two 
effects are not the same, although they 
sometimes occur together. If the signal 
is only received via reflection, no mul-
tiple paths exist, only a single reflected 
path. 

The ranging measurement errors 
that result from NLOS reception are 
quite different from those produced 
by multipath interference and are not 
corrected by most multipath mitiga-
tion techniques. Therefore, to improve 
positioning in urban areas by address-
ing NLOS reception, we must first 
acknowledge its existence as a separate 
phenomenon.

This article describes the differ-
ences between multipath and NLOS 
reception, and explains why different 
techniques are generally required to 
mitigate their effects. These techniques 
may be antenna-based, receiver-based, 
or post-receiver, and many may be used 
in combination.

Multipath Interference
Where multipath interferes with 
directly received signals, the reflected 
signals distort the code correlation 
peak within the receiver, as shown in 
Figure 2. As a result, the code phase 
(used to generate the pseudorange) of 
the direct line-of-sight (LOS) signal 
cannot be accurately determined by 
equalizing the power in the early and 
late correlation channels. A positive 
ranging error occurs when the direct 
and reflected signals are in-phase, a 
phenomenon known as constructive 
interference, while a negative ranging 
error occurs when the signals are out-
of-phase, which is known as destructive 
interference. 

The magnitude of the result-
ing code-tracking error depends on 
the path delay of the reflected signal 
with respect to the direct, the rela-
tive strengths of the two signals, their 
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FIGURE 1  Multipath interference and NLOS reception
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phase difference, and the design of the 
receiver. The maximum pseudorange 
measurement error due to multipath 
interference from a reflected signal of 
the same amplitude as the direct signal 
is half of a ranging code chip (e.g., 150 
meters for GPS C/A code). However, 
most receivers are designed to produce 
smaller errors than this. Where the 
path delay exceeds 1.5 chips, the cor-
relation function is sufficiently undis-
torted so multipath interference does 
not occur.

Multipath interference also affects 
the carrier-phase, Doppler shift, and 
carrier-power-to-noise-density ratio 
(C/N0) measurements. These effects are 
largest when the path delay is short-
est because these measurements are 
all based on the prompt correlator 
outputs. The maximum carrier-phase 
tracking error due to multipath inter-
ference from a reflected signal of the 
same amplitude as the direct signal is a 
quarter of a wavelength (e.g., 4.76 cen-
timeters for GPS L1).

Further information on multipath 
interference may be found in standard 
GNSS and integrated navigation text-
books.

Non-Line-of-Sight 
Reception
NLOS reception occurs where the 
direct LOS signal is blocked and the 

signal is received 
only via reflection. 
The pseudorange 
measurement error 
is therefore equal to 
the path delay, the 
difference between 
length of the 
path taken by the 
reflected signal and 
the (blocked) direct 
path between satel-
lite and receiver. 
This error is always 
positive and, 
although typically 
tens of meters, is 
potentially unlim-

ited. Signals received via reflections 
from distant tall buildings can exhibit 
errors of more than a kilometer. The 
corresponding carrier-based ranging 
error is within half a wavelength of the 
pseudorange error (modulo one carrier 
cycle) as the path delay is the same, but 
a phase change occurs on reflection. 

The strength of NLOS signals varies 
greatly. They can be very weak, but can 
also be nearly as strong as the directly 
received signals. As high-sensitivity 
receivers can acquire much weaker 
signals, they can therefore receive sig-
nificantly more NLOS signals.

NLOS reception and multipath 
interference sometimes occur together. 
The most obvious case is where the 
direct signal from a particular satellite 
is blocked and multiple reflected sig-
nals are received. In this case, the com-
bined ranging error may be thought 
of as the sum of an NLOS error due 
to the strongest reflected signal and a 
multipath error due to the additional 
reflected signals interfering with the 
strongest signal. However, another 
scenario is where the direct signal is 
attenuated or diffracted such that it is 
weaker than a reflected signal. In this 
case, the receiver will typically track 
the reflected signal, resulting in an 
NLOS error, which will then be subject 
to multipath interference from the 
direct signal.

Mitigation: Antenna Design 
and Hardware-Based 
Techniques
Signals received directly from GNSS 
satellites have right-handed circular 
polarization (RHCP), while most 
reflected signals have left-handed cir-
cular polarization (LHCP) or mixed 
polarization. A well-designed GNSS 
antenna is at least 10 decibels more 
sensitive to RHCP signals than LHCP 
signals at normal incidence. This 
reduces the magnitude of both the 
code- and carrier-tracking errors due 
to multipath interference. The excep-
tion is low-elevation signals, for which 
the antenna has very little polarization 
discrimination. However, where space 
permits, a choke-ring antenna system 
may be used to attenuate low- and 
negative-elevation signals, reflected 
and direct.

The antenna design does not 
directly mitigate NLOS reception 
unless it attenuates the signal below the 
receiver’s tracking threshold because 
the ranging error is not related to the 
received signal strength. However, it 
does aid the identification of NLOS sig-
nals through their lower C/N0, values, 
enabling them to be excluded from the 
navigation solution or downweighted, 
as appropriate.  

C/N0-based NLOS detection may be 
enhanced using the dual-polarization 
antenna technique. This uses an anten-
na with both RHCP and LHCP out-
puts, which are then processed in sepa-
rate receiver channels. An LHCP C/N0 
that is larger than the corresponding 
RHCP C/N0 is indicative of an NLOS 
signal. This is effective at detecting 
NLOS reception except for low-eleva-
tion and doubly reflected signals.

Polarization-sensitive antennas are 
standard for professional GNSS user 
equipment. The smaller patch anten-
nas used for applications such as road 
vehicle navigation offer less polariza-
tion discrimination. However, smart-
phone antennas are linearly polarized 
and thus are equally sensitive to direct 
and reflected signals. Furthermore, the 

FIGURE 2  Correlation functions of a biphase shift key (BPSK) GNSS signal 
subject to constructive and destructive multipath interference (path 
delay = 0.25 chips; relative amplitude of reflected signal = 0.5; pre-
correlation bandlimiting is neglected)
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antenna gain is low along the axis of 
the antenna, resulting in a low C/N0 for 
some of the direct signals.

For high-budget applications, a 
GNSS antenna array may be used to 
measure the angle of arrival (AOA) of 
the signals, essentially inverting the 
well-known interferometric attitude 
determination technique. NLOS and 
directly received signals may then 
be distinguished by comparing the 
measured lines of sight with those 
predicted from the satellite ephemeris 
data. This technique should also be 
suitable for detecting strong multipath 
interference.

For large vehicles, such as ships, 
trains, and large aircraft, and some 
static applications, multiple GNSS 
antennas (with associated receivers) 
may be deployed at different locations. 
NLOS and multipath-contaminated 
signals can then be identified through 
inconsistencies in the measurements 
made from the different antennas.

Another hardware-based approach 
uses a panoramic sky-pointing cam-
era or a camera array to generate an 
image of the entire field of view above 
the receiver’s masking angle. If the 
orientation is known, the blocked and 
unblocked lines of sight may be deter-
mined from the image, enabling NLOS 
signals to be identified. This method 
does not detect multipath interference.

Mitigation: Receiver-Based 
Techniques
A number of techniques mitigate the 
effects of medium-delay (10−100 meter) 
multipath interference on pseudorange 
measurements by increasing the reso-
lution of the receiver’s code discrimi-
nator, effectively enabling the direct 
and reflected signal components to be 
separated. Examples include narrow 
correlator spacing, the double-delta 
discriminator, the gated correlator, 
the multipath-estimating delay lock 
look, and the vision correlator. These 
techniques are a standard feature of 
professional grade GNSS receivers. 
New techniques have been developed 
that separate out the components of 

a multipath-contaminated signal in 
the Doppler domain. However, none 
of these methods have any effect on 
NLOS reception as no direct signal is 
available to recover. 

Vector tracking, which combines 
signal tracking and position determi-
nation into a single process, can pre-
vent NLOS reception via distant reflec-
tors by preventing the receiver from 
locking onto those signals.

Mitigation: Post-Receiver 
Techniques
Multipath interference affects code- 
and carrier-based ranging measure-
ments differently; it also produces 
different errors on different frequen-
cies. Multipath errors can therefore be 
detected and corrected by comparing 
different measurements of signals from 
the same satellite. An example is car-
rier smoothing, which can average out 
most of the code multipath error for 
dynamic applications. However, these 
techniques do not work for NLOS 
reception, because the resulting rang-
ing errors are dominated by path delay, 
they are essentially the same for both 
code and carrier and across different 
frequencies.

Where a multi-constellation GNSS 
receiver is used, many more measure-
ments are typically available than the 
minimum needed to compute a position 
solution. Consequently, a better posi-
tion solution can generally be achieved 
if those measurements least likely to 
be contaminated by NLOS reception 
or multipath interference are given 
the highest weighting and those most 
likely to be contaminated are excluded 
altogether. As discussed previously, 
the measured C/N0 is normally lower 
for NLOS signals, although less so for 
smartphones because of their antennas. 
Similarly, signals from low-elevation 
satellites are more vulnerable to a vari-
ety of ranging errors, including NLOS 
reception and multipath interference.

Consistency checking operates on 
the principle that if position solutions 
are computed using combinations of 
signals from different satellites, those 

obtained using only the multipath-free 
direct-LOS signals should be in greater 
agreement than those that include mul-
tipath-contaminated and NLOS mea-
surements. The same principle is used 
for fault detection in receiver autono-
mous integrity monitoring (RAIM). 
Thus, measurements that exhibit large 
errors are identified regardless of 
whether those errors are due to NLOS 
reception, multipath interference, or 
another source, such as atmospheric 
refraction or a fault.

Consistency checking can success-
fully eliminate NLOS and multipath-
contaminated signals in environments 
where the majority of signals are 
received by direct line of sight with 
little multipath contamination. How-
ever, in environments with multiple 
NLOS and multipath-contaminated 
signals, it is unreliable. New “bottom 
up” consistency checking techniques 
based on subset comparison are more 
reliable than the conventional “top 
down” sequential testing approach. 
However, further research is needed 
to achieve the full potential of this 
approach. Where positioning is Kal-
man filter–based, innovation filtering 
can also identify inconsistent measure-
ments using information from previ-
ous epochs.

A 3D city model may be used to 
predict blockage and reflection of GNSS 
signals. Where the user position is 
known, identification of NLOS signals 
is straightforward. Otherwise, signal 
reception at multiple candidate posi-
tions must be considered, which is more 
challenging. With sufficient processing 
resources, a city model may also be used 
to correct NLOS ranging errors and 
predict multipath interference. Correc-
tion of multipath errors is theoretically 
possible, but requires a very accurate 
model because of the sensitivity to the 
phase lag of the reflected signal.

Summary
To conclude, non-line-of-sight recep-
tion is one of the most important con-
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tributors to the GNSS position error 
in urban environments. The error 
characteristics are quite different from 
those of multipath interference and 
different techniques are needed to miti-
gate them. Therefore, NLOS reception 
should be treated as a separate error 
source by the GNSS community.

Additional Resources
Further discussion of NLOS and mul-
tipath mitigation techniques, together 
with a list of references, may be found 
in a paper by P. D. Groves et alia, “A 
Portfolio Approach to NLOS and 
Multipath Mitigation in Dense Urban 
Areas,” Proceedings of ION GNSS+ 
2013, which is also available from UCL 
Discovery.
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