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ABSTRACT

There are many methods for mitigating GNSS multipath
errors. However, none of them completely eliminate the
effects of multipath or suit all GNSS applications. A new
class of multipath mitigation methods exploit new dual-
polarization antenna technology. GNSS signals received



direct from the satellites have right-handed circular
polarization (RHCP), whereas (singly) reflected signals
have left-handed circular polarization (LHCP) or an
elliptical polarization that may be expressed as the sum of
RHCP and LHCP components. Conventional GNSS user
antennas are more sensitive to signals with RHCP,
attenuating LHCP signals and reducing, but not
eliminating, the multipath errors in the receiver. An
antenna with the opposite polarization sensitivity will
attenuate the direct signals more than the reflected signals.
This can be used to characterizing the reflected signals
and thus mitigate the effects of multipath interference.

Experimental work using an Antcom dual-polarization
antenna and dual geodetic receivers is presented. This
verifies that carrier power to noise density, C/No,
measurements obtained by separately correlating the
RHCP and LHCP antenna outputs can be used to
distinguish between a low-multipath and moderate-
multipath environment. This may be used as the basis of a
multipath detection technique.

Three different multipath mitigation techniques that use a
dual-polarization antenna are proposed. Measurement
weighting estimates the code and carrier multipath error
standard deviation from the RHCP-LHCP C/N, difference
and elevation angle. This is used by the navigation
processor to discard and reweight measurements. Range-
domain multipath correction, uses the pseudo-range,
carrier-phase and C/Ny differences between the outputs of
RHCP and LHCP receiver tracking channels, together
with antenna calibration data, to estimate corrections to
the code and carrier measurements. In tracking-domain
multipath mitigation, the RHCP and LHCP correlator
outputs are input to common acquisition and tracking
algorithms which attempt to separate the direct line of
sight and reflected signals

The design of a novel dual-input GNSS front end, based
on direct RF sampling, is presented This will be used, in
conjunction with a software GNSS receiver, for future
development and testing of multipath mitigation using a
dual-polarization antenna.

1. INTRODUCTION

Multipath interference is a significant limiting factor on
the accuracy of GNSS for a host of applications, ranging
from personal positioning in urban areas to precise land
surveys.

Reflected signals distort the code correlation peak within
the receiver such that the code phase of the direct line-of-
sight (LOS) signal can not be accurately determined by
equalising the power in the early and late correlation
channels. The resulting code tracking error depends on the
receiver design as well as the direct and reflected signal
strengths, path delay and phase difference, and can be up
to half a chip [1][2][3]. Multipath interference also affects
carrier phase determination, producing errors of up to
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quarter of a wavelength. Multipath errors can be positive
or negative, depending on the phase difference between
the direct and reflected signals.

A related phenomenon, sometimes wrongly classified as
multipath, is non-line-of-sight (NLOS) signal reception.
This occurs when the direct LOS signal is blocked and
only reflected signals can be received. Pseudo-range
measurement errors from NLOS signals are always
positive and theoretically unlimited.

A number of methods exist for mitigating the effects of
multipath and NLOS propagation on code and carrier
measurements. However, no method is applicable to all
applications or eliminates multipath errors completely.

This paper describes an emerging class of multipath
mitigation methods that exploit new dual-polarization
antenna technology. These may be used either alongside
or in place of conventional multipath mitigation
techniques. GNSS signals received direct from the
satellites have right-handed circular polarization (RHCP),
whereas (singly) reflected signals have left-handed
circular polarization (LHCP) or an elliptical polarization
that may be expressed as the sum of RHCP and LHCP
components [4]. Conventional GNSS user antennas are
more sensitive to signals with RHCP, attenuating LHCP
signals and reducing, but not eliminating, the multipath
errors in the receiver. An antenna with the opposite
polarization sensitivity will attenuate the direct signals
more than the reflected signals. For producing an accurate
position solution, this is clearly undesirable. However, it is
useful for detecting and characterizing the reflected
signals.

Dual-polarization GNSS antennas are now commercially
available, combining coaxial RHCP-sensitive and LHCP-
sensitive antennas in a single housing with dual outputs
[5]. In the new multipath mitigation approach, the signals
received from the two antennas are correlated separately
within the receiver. The measurements are then compared
in order to detect and calibrate the multipath errors.

This paper begins with a review of existing multipath
mitigation techniques and a summary of prior work with
dual-polarization antennas. Section 2 then presents and
discusses the results of initial multipath detection
experiments with an Antcom dual-polarization antenna [5]
and dual Leica 500-series geodetic GPS receivers. Section
3 proposes a number of multipath mitigation techniques
using a dual-polarization antenna system. Section 4 then
describes the development of a new dual-input GNSS RF
front-end suitable for implementing the new multipath
mitigation methods.  Finally, Section 5 presents
conclusions and discusses future work.

Established multipath mitigation techniques can be
classified into site-dependent, antenna-based, receiver-
based and measurement-processing techniques. Starting
with  site-dependent  methods, in-situ  multipath



calibrations for reference stations may be made based on
the repeatable satellite-reflector-antenna geometry in
about one sidereal day [6][7]. In multipath environmental
modelling, a ray-tracing algorithm uses the known
satellite-reflector-antenna  geometry  and  physical
properties of reflectors to determine the phase multipath
errors [8]. Site-dependent techniques are highly effective
at mitigating multipath, but are generally only suited to
static receivers. A similar approach has been applied to
mitigating multipath reflections off satellite bodies for
attitude determination [9][10].

Antenna-based multipath mitigation techniques include
special antenna designs such as choke-ring antennas,
Trimble’s Zephyr antennas and the multipath-limiting
antenna for ground-based augmentation system reference
stations [11]; these reduce the gain of signals reflected off
the ground. Antenna array techniques, based on the
geometric correlation of multipath errors at closely-spaced
antennas, can be used for more general multipath
mitigation [12][13]. However, they perform best under
simple multipath environments and are not suited to most
kinematic applications because antenna arrays are usually
bulky.

A number of receiver-based techniques have been
developed that mitigate code multipath errors by
increasing the resolution of the code discriminator on the
basis that the higher-frequency components of a GNSS
signal are less impacted by moderate-delay multipath
interference. The simplest approach is to use a narrow
early-late correlator spacing [14], while a more
sophisticated method is the Multipath Mitigation Window
(MMW) [15]. Most of these techniques can effectively
mitigate multipath where the path delay of the reflected
component is more than 7.5 m, while the Vision
Correlator will operate at path delays down to 5 m [16].
However, these two techniques operate at the expense of
signal-to-noise ratio performance [17]. Moreover, they
are not designed to mitigate the effects of multipath on
carrier-phase measurements.

The final class of multipath mitigation technique operate
by processing the code and carrier measurements output
by the receiver. One approach is to use stochastic models
to weight measurements within the position solution
according to their multipath vulnerability
[18][19][20][21][22]. These models are based on the
correlation between the carrier power-to-noise density,
C/Ny, and the multipath errors. For example, variations of
the phase multipath error and resultant C/N, over time are
orthogonal [22]. The use of adaptive filters with spectrum
analysis has been investigated for estimating phase
multipath from C/N, measurements. However, these
techniques require sinusoidal multipath patterns to build
up over time so are therefore only applicable for static and
very low dynamic applications.

A simple and effective method of reducing the effects of
code multipath errors is smoothing the pseudo-range
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measurements with carrier-phase. This is most effective
where the time constant of the smoothing algorithm
significantly exceeds the correlation time of the pseudo-
range multipath errors. The final processor-based
multipath mitigation technique is application of integrity
monitoring techniques to identify multipath contaminated
code and carrier measurements through their
inconsistency with the uncontaminated measurements; this
should work better with multiple constellation receivers.

Multipath mitigation using dual-polarization antennas
spans three categories: antenna-based, receiver-based and
measurement-processing techniques. The use of dual
RHCP and LHCP antennas for studying multipath was
first proposed in [25] and results presented using a pair of
helical antennas. Multipath mitigation using a dual-
polarization antenna was demonstrated by simulation in
[26]. In [4], multipath mitigation using arrays of dual-
polarization antenna arrays was assessed by simulation. In
[27], it was validated, using another multipath detection
method, that the LHCP component of an Antcom dual-
polarization antenna receives greater reflected signal
power than the RHCP component.

2. MULTIPATH DETECTION EXPERIMENTS

A series of tests were conducted to assess the ability of a
dual-polarization antenna system to detect multipath
interference. The focus was on comparing the carrier
power to noise density, C/No, measured from the LHCP
and RHCP antenna outputs and assessing how this varied
with elevation angle and multipath environment. Carrier
power to noise density is a measure of the signal to noise
ratio within the receiver’s correlators [1].

Following initial tests to determine the correct equipment
configuration, experiments were conducted to characterise
the behaviour of the system in a low-multipath
environment (LME). Tests were then performed in a
moderate multipath environment (MME) and the C/Nj,
measurements compared with those obtained in the LME.

The hardware comprised an Antcom 3G1215RL-P-XS-1
dual-polarization L1/L2 GPS antenna, attached to a
standard tribrach mount with dual amplifiers, as shown in
Figure 1, together with a pair of Leica System SR530
geodetic GPS receivers, shown in Figure 2. One receiver
was connected to each polarization output of the antenna
via an amplifier powered from the receiver. Data was
logged to memory cards independently with GPS itself
used for time synchronisation between receivers.

The Leica receivers would only log measurement data to
the memory cards where sufficient signals were being
received to generate a position solution. In the default
high accuracy mode, it was typically only possible to track
1 or 2 satellites using the LHCP antenna output. However,
switching the receivers to the higher sensitivity
“MaxTrak” mode enabled 4 or more satellites to be
tracked for most of the time in open and sparse urban



environments. It was also found that performance could be
improved by temporarily connecting the “LHCP” receiver
to the RHCP antenna output to aid downloading of the
ephemeris data.

-t

Figure 1: Antcom 3G1215RL-P-XS-1 dual-polarization
antenna, mounting and amplifiers.

Figure 2: Dual Leica System SR530 geodetic GPS
receivers

A location within London’s Regent’s Park was selected as
a minimal multipath environment for testing the dual-
polarization user equipment. Although this location was
far away from buildings, there were trees nearby that
could affect reception of low-elevation signals. The first
tests were performed with the antenna mounted on a
tripod, as shown in Figure 3.

A comparison of C/N, measurements made using the
LHCP and RHCP antennas showed greater variation than
expected at all elevation angles, mostly in the LHCP data.
Figure 4 shows an example at an elevation of 30°. Note
that the C/No, measurements are quantised at 1 dB-Hz
intervals, which is a common feature of GNSS user
equipment designs. Signal to noise levels were too high to
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attribute this to C/N, measurement noise [28]. It was
therefore conjectured that multipath interference due to
reflections from the ground that might be the main cause
of the problem.

Figure 3: Data collection in Regent’s Park with a tripod.

To test the ground-multipath hypothesis further data was
collected with the tribrach mount placed directly on the
ground as shown in Figure 5. This successfully reduced
the standard deviation of the C/N, measurements. Figure 6
shows an example at an elevation of 34°. However,
significant C/N, measurement variation was still observed
at all elevation angles. Possible causes are residual ground
reflections and reflections off the antenna mount.
Therefore, mounting of the antenna on a ground plane or
using choke rings should be investigated.
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Figure 4: Measured C/N, using LHCP antenna output with
a tripod-mounted antenna (PRN 5, ~30° elevation)

Data for determining the distribution of the C/Ng
difference in a low multipath environment. For the
purposes of this study, C/N, difference is defined as the
RHCP antenna output C/Ny minus the LHCP output C/N,
in decibels. The sign convention is selected to give
positive numbers for positive elevation angles.



Approximately 7 hours of data was collected over two
visits at different times of day.

Figure 5: Data collection in Regent’s Park with a ground-
based antenna.

Data logged from both receivers was imported into
Microsoft Access, within which the query function was
used to match the data from the same epoch and satellite.
The paired data was then transferred to Microsoft Excel,
where the C/N, difference was calculated. Finally, the
MATLAB Curve Fitting Toolbox was used to estimate the
RHCP polarization discrimination as a function of
elevation angle from the measured C/Nq difference.

Figure 7 shows the measured C/N, difference from the
Regent’s Park data with a ground-based antenna, together
with its mean and 95% bounds; these are at +4.08 dB.
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Figure 6: Measured C/N, using LHCP antenna output with
a ground-based antenna (PRN 12, ~34° elevation)

For data collected in an unknown multipath environment,
the measured C/N, difference may be compared with the
LME mean C/N, difference at the corresponding elevation
angle to obtain an estimate of the level of multipath
interference. Four cases are considered:

1) If the measured C/N, difference lies within the 95%
bounds of the LME C/Nq difference distribution, then
it may be assumed that the signal is likely to be subject
to a multipath level similar to that in the Regent’s Park
environment.

2) If the C/N, difference is positive, but lies below the
LME C/N, difference 95% bounds, then there is a
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Figure 7: Estimated RHCP polarization discrimination and measured C/N, difference from Regent’s Park data with a ground-

based antenna
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significant probability that the signal is subject to a
more severe multipath environment than Regent’s
Park.

For C/N, difference measurements that lie above the
LME C/N, difference 95% bounds, more research is
needed to interpret their origin and to what extent they
are correlated with multipath errors on pseudo-range
and carrier-phase measurements derived from a RHCP
antenna output.

3)

4) If the C/N, difference is negative, then it is likely that
the direct LOS signal is blocked and only reflected
signals are being received from that satellite. Under
NLOS conditions pseudo-range and carrier-phase

measurement errors may be very large.

Further measurements were taken in the main quadrangle
at UCL. Figure 8 shows the location. Here, it is expected
that some GNSS signals will be affected by multipath
interference. Figure 9 shows the measured C/N, difference
for signals from four satellites tracked over approximately
4 minutes, except for satellite PRN 29, which was only
tracked for about 40 seconds. Also shown in the figure is
the LME C/N difference mean and 95% limits..

The measured C/N, difference for PRN 29 is clearly
consistent with the LME C/N, difference, suggesting that
this signal is not seriously contaminated by multipath. For
PRN 31, more than half of the C/N, difference
measurements lie below the 95% bounds of LME C/N,
difference, suggesting there is a significant risk that this
signal is multipath-contaminated.

Figure 8: Data collection in the main quadrangle at UCL
(One location depicted from two angles).

However, for PRN 21 and PRN 30, it is more difficult to
determine the multipath status. Although most of the C/N,
difference measurements lie within the 95% bounds of the
LME C/N, difference, many lie above. Furthermore, the
large variation in the C/N, difference over a few minutes
could be indicative of a problem. Further investigation is
needed.

A few negative C/N, difference measurements were
observed in the UCL quadrangle when tests were being
conducted using aluminium foil to reflect the signals. It is
conjectured that transient negative C/N, differences may
have been the experimenter obstructing the direct signal.
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Figure 10: Dual-polarization GNSS user equipment architecture suitable to for measurement weighting and range-domain

multipath correction

These experiments have verified that the difference
between RHCP and LHCP C/N, can be used to identify
the likely presence of multipath interference on a GNSS
signal. However, the sensitivity is relatively poor due to
fluctuation in the LHCP C/N, measurements even in low-
multipath environments. More research is needed to
determine whether antenna mounting modifications can
improve the sensitivity and whether the LHCP C/Ng
fluctuation itself can be used to aid multipath detection,
particularly for static applications.

A further issue is that the polarization discrimination of
the antenna drops significantly for elevation angles below
about 45°. Where the plane of the antenna is horizontal,
low satellite elevation angles correspond to high angles of
incidence at the antenna. Reduced polarization sensitivity
at higher incidence is a feature of all circularly polarized
antennas. Consequently, poor performance at low
elevation angles is an inherent limitation of the dual-
polarization multipath mitigation technique. However,
with a multi-constellation GNSS receiver, there should
always be sufficient higher elevation signals to form a
navigation solution at most latitudes. Furthermore, higher
elevation signals are typically less likely to be
contaminated by multipath, less likely to be blocked by
buildings and are subject to smaller ionosphere and
troposphere propagation errors. Therefore, limiting the
GNSS user equipment to higher elevation signals is not
necessarily a major drawback.

3. MULTIPATH MITIGATION TECHNIQUES

Three different methods of mitigating multipath
interference are proposed. In order of increasing
sophistication, they are measurement weighting, range-
domain multipath correction and tracking domain
multipath correction. Each is discussed in turn and will be
explored further in future work.

Where NLOS signals are detected, as indicated by
negative C/No difference measurements, these should
typically be discarded from the navigation solution.
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3.1 Measurement weighting

The simplest way of mitigating multipath interference is
simply to estimate the standard deviation of the code and
carrier multipath from the measured C/N, difference and
the elevation angle and pass this to the navigation
processor. Figure 10 shows a suitable user equipment
architecture for this.

The navigation processor can then discard those
measurements subject to severe multipath interference and
appropriately reweight those subject to moderate
interference. The exact approach will vary with the
applications and the number of signals available without
multipath contamination.

The form of the model for determining multipath error
standard deviations from the C/N, difference and elevation
angle may be derived theoretically. However, the
coefficients will need to be determined empirically to
account for variations in multipath errors with receiver
design, receiver-dependent C/N, measurement artefacts
and antenna-mounting effects.

3.2 Range-domain multipath correction

Range-domain multipath correction is applied between the
outputs from the receiver’s ranging processor and the
inputs to the navigation processor. Measurements
available after the receiver ranging processor include
satellite pseudo-range measurements, carrier phase
measurements and  C/No information. A multipath
correction mechanism based on comparing range-domain
measurements is proposed in this section.

A reflected or diffracted signal may be described by a
relative amplitude (or damping factor), « , range lag, A,
and carrier offset, &, with respect to the direct LOS
signal. The range lag and carrier offset are common to
signals received through both the RHCP and LHCP
antenna outputs. However, the relative amplitude differs
between polarization. The lag can also be expressed in



code chips using y = Af, /c, where fy is the spreading-
code chipping rate and c is the speed of light.

The code tracking error in the presence of multipath can
be obtained by solving the equation: D = 0, where D is the
discrimination function. When using an early-minus-late
power (ELP) noncoherent discriminator, the equation, D
=0, is written as

lg+Qe—17-Qf =0, 1)

where | and Q are, respectively, the in-phase and
quadraphase correlator outputs and subscripts E and L
denote the early and late correlation channels,
respectively. Assuming that there is only one delayed
signal, and the lag is small, the frequency offset is
negligible, and precorrelation band-limiting may be
neglected, an analytical solution to (1) can be written as

(1]

a’+acoso,

= F % 5 |x—s|<d/2 @
a” +2acosf, +1

Where x is the code tracking error in chips and d is code-
phase offset in chips between the early and late reference
signals.

The phase multipath error, w, caused by a single delayed
signal is given by [2]

_tant aR(x)sin g, (3)
V= 1+ aR(x)cosd,

where R is the pseudo-random noise (PRN) code
correlation function.

From (2) and (3), three unknown parameters are needed to
reconstruct the code and phase multipath error in the
RHCP signal: the RHCP damping factor, arnce , range
lag, A, and carrier offset, &, A fourth unknown is the
LHCP damping factor, o ycp.

When using a dual polarization antenna, signals from both
RHCP and LHCP outputs can be processed by the receiver
using the architecture proposed in Figure 10. As can be
seen from the figure, signals received by RHCP and
LHCP outputs are processed in separate front-ends and
ranging processors, i.e. independent correlators and
tracking loops are used for each signal. NCO commands
are feedback to correlators to maintain the locked signals.

Measurements available in the range-domain are as
follows:
e Pseudo-range measurements from both polarizations,

Prrce and ppce;
e Carrier phase measurements from both polarizations,

Price and @pcp;
e C/Ny measurements from both polarizations.
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The range-domain measurements are closely linked to the
code and phase multipath errors. By differencing the
measurements between polarizations and then applying a
nonlinear model, the multipath parameters required to
determine the code and carrier multipath errors using (2)
and (3) may be determined.

Also required is an estimate of the RHCP polarization
discrimination. This is defined as the RHCP minus LHCP
CIN, difference for a purely RHCP-polarized incident
signal. This is needed to determine the relative strength of
the direct LOS signal between the two antennas. Based on
communications with the manufacturer, the LHCP
polarization discrimination, defined as the C/N, difference
for a purely LHCP-polarized incident signal, is assumed to
be equal and opposite to RHCP polarization
discrimination. However, this has not been independently
verified.

The best estimate of the RHCP polarization discrimination
obtainable from the tests described in Section 2 is the
LME mean C/N, difference, shown in Figure 7. However,
as the 95% bounds of the LME C/N, difference are ~4 dB,
there is almost certainly some signal reflection present.
Consequently, there could be a few dB difference between
the LME mean C/N, difference and the RHCP
polarization discrimination. Therefore, the current best
estimate of the RHCP polarization discrimination is
insufficiently precise for determining accurate multipath
corrections.  Improvements to the experimental
methodology are thus required in order to obtain a more
accurate RHCP polarization discrimination measurement.

Pseudo-ranges are formed based on signal transmission
time estimated in the DLL, which is dynamically
maintained using the measured code tracking error.
Carrier phase measurements are continuously updated
through PLL. The signal amplitudes are proportional to
the C/N, information.

Deriving the multipath error parameters from the available
range-domain measurements is complicated by the
smoothing introduced by the receiver’s code and carrier
tracking loops. Furthermore, the Leica System SR530
GPS receivers only output carrier-smoothed pseudo-range
measurements. Consequently, the code multipath errors
are averaged over the order of a minute, while the carrier
multipath errors are averaged over less than a second. This
is likely to prevent determination of the multipath
corrections. It may be possible to use the carrier
measurements to recover the raw pseudo-ranges.
Otherwise, a different model of receiver must be used.

Note also that there is a risk of the LHCP receiver
channels tracking long-delay reflections and rejecting the
direct LOS signal altogether. This may be mitigated
through feedback from the RHCP channels.
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3.3 Tracking-domain multipath mitigation

The final approach to mitigating multipath using a dual-
polarization antenna is in the tracking domain. For each
signal tracked, the RHCP and LHCP antenna outputs are
separately correlated within the GNSS. However, both
sets of correlator outputs, the Is and Qs, are output to a
common set of acquisition and tracking algorithms. These
algorithms generate the numerically-controlled oscillator
(NCO) commands that control the reference code and
carrier signals for both the RHCP and LHCP correlation
channels. Figure 11 illustrates this. Tracking-domain
multipath mitigation may be thought of as “deeply-

coupled” and

coupled”.

range-domain mitigation as

“loosely-

Acquisition may use either the RHCP antenna signals
alone or a summation of the signals from the RHCP and
LHCP antennas. For tracking, the LHCP and RHCP Is and
Qs are input separately to an algorithm that tracks both the
direct LOS signal and the resultant reflected signal. Only
the direct LOS signal tracking is used to generate the
pseudo-range, pseudo-range rate and/or carrier phase
measurements used by the positioning algorithm. Note
that tracking-domain multipath mitigation also requires an

accurate  estimate of the RHCP

discrimination.

polarization

Two approaches may be considered. The first is to use
discriminator functions and separate tracking loops for the
direct code, direct carrier, reflected code and reflected
carrier, together with C/No measurement models for both

polarizations.

The second approach uses an extended Kalman filter
(EKF) or nonlinear estimation algorithm to estimate the
code phase, carrier phase, carrier frequency and signal
amplitude or C/N, for both the direct and resultant
reflected signals. The Is and Qs from both sets of
correlators are input directly as measurements. A similar
multipath tracking filter for use with a single-polarization

multiple-correlator receiver is described in [27].
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5. HARDWARE DEVELOPMENT

Using two separate receivers to process data from a dual-
polarization antenna is cumbersome. Range-domain
multipath mitigation must account for the timing
difference between the two receiver clocks, while
tracking-domain multipath mitigation can not be
performed. Further limitations of the Leica receivers are
that raw pseudo-range measurements are not available;
only carrier-smoothed pseudo range, and that data can
only be logged where sufficient signals are being received
to generate a position solution.

Therefore, a bespoke dual front-end GNSS receiver is
being developed for use in further studies of dual-
polarization multipath mitigation.

In the current context of having the GNSS bandwidth
occupied by several signals coming from the satellites in
orbit, it is critical to produce a receiver that is capable of
processing simultaneously a great number of these signals.
The main difficulty resides in the fact that the satellites are
able to broadcast signals with various frequencies and
bandwidths. For example the GPS L1 is 1575.42 MHz
with 2MHz of bandwidth while Galileo E6 is centred on
1278.75 MHz and occupies a bandwidth of 40 MHz. In
this particular situation, the only way to take advantage of
the GNSS satellites diversity is to design a receiver which
can process all the frequencies at the same time.

During several years, the GNSS front-end designers were
using the superheterodyne architecture to build up GNSS
receiver front-ends. Such solution has proved its
efficiency, simplicity and cost effectiveness for single-
frequency receivers. Today, as the GNSS receivers require
multifrequency front-end solutions, it became challenging
to produce a multifrequency receiver front-end that is
based on the superheterodyne architecture. Previous work
was conducted by several research teams, in which a
bandpass sampling-based receiver was proposed as an
alternative approach to building multifrequency receivers,
replacing the usual superheterodyne architecture. For



example, [29] has proposed an architecture of receiver
prototype to be used for communication application. In the
GNSS context, [30] was among of the firsts who devised a
working receiver prototype based on bandpass sampling.
On the other hand [31] and [32] work have pioneered the
idea of using a reconfigurable software-defined radio
(SDR) multifrequency receiver combined with a novel
architecture of digital-to-analogue converters.

In this paper, the ADVRG team at Westminster are
proving a front-end that is capable of processing the
maximum number of the channels with the minimum
complexity and high level of flexibility. The front-end
presented here, was achieved in context of the continuity
of the [31] and [32] studies. It is also slightly inspired by
the [33] work to provide a prototype of front-end ready for
applications such as multipath mitigation, pecise point
positioning (PPP) or integrity assessments.
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Figure 12: Block-diagram of the receiver front-end.

Bandpass sampling is a well know signal processing
technique, often used in the military field. It started to be
used for GNSS when it was perceived as ideal for
multifrequency processing [30]-[34]. The technology
used is nowadays reasonably affordable and stable. The
key elements to build a bandpass sampling receiver are:
high speed analog-to-digital converter (ADC), low jitter
clock, selective filters and high gain amplifiers. Figure 12
represents the block-diagram of a bandpass sampling-
based front-end. At least, two selective filters are
necessary to cancel the out-band noise and get the receiver
operating properly. In the bandpass sampling receiver, the
RF signal is downconverted into the ADC by sub-
sampling techniques. In this case, the designer has to be
aware of few critical issues which can degrade the
sensitivity of the receiver.

The first issue is to prevent the noise to fold-back by sub-
sampling in the baseband. This is why selective filters are
used to minimise this effect. The filters used are based on
surface acoustic wave (SAW) technology or custom
microstrip filters such as those presented in [35]. The
second issue is to make sure that the different GNSS
channels are not overlapping. For this purpose, the ADC
sampling frequency is selected carefully by using the
ladder diagram presented in Figure 13 (see [30]). Finally,
the clock jitter must be as low as possible to not affect the
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dynamic range of the sampled signals. In our front-end,
the master clock is derived from the combination of two
cascaded phase locked loops. The first one consists of a
narrow loop filter that cancels the low frequency noise and
the second one has a large loop filter for the high
frequency noise cancellation.

120
100

&0

60 | o

Rsulting IF hiHz]

?QD 195 Z_DD R
Figure 13: Ladder diagram

Figure 14 exhibits the front-end prototype designed
following the block-diagram of Figure 12. The two
aluminium boxes shown in Figure 14, contain the RF
filters and can be easily dismantled to replace them with
others and have the front-end working at different
frequencies. The front-end is interfaced with a field-
programmable gate array (FPGA) that performs some
basic post-processing and send the raw data towards the
acquisition and tracking systems whether they are
software or hardware-based devices.

Figure 14: Bandpass sampling front-end.

For this study, the ADVRG team is currently developing a
dual-input GNSS receiver that is capable of separately
tracking the GNSS signals from each output of the dual-
polarization antenna and then combining the
measurements by using a similar method to the one
described in Section 3.3. The dual-input receiver is based
on the same principle of band-pass sampling that is
presented in this paper. However some novelties were
introduced in the new design to avoid simple duplication
of components and reduce the complexity of the front-end.
The new design will take advantage of the simplicity and
the flexibility of the band-pass sampling technique,



enabling it to be used for multipath mitigation techniques The authors would like to thank Mojtaba Bahrami of UCL

that require dual-tracking receivers. for assisting with the conversion of the Leica data into a
format suitable for analysis.
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