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Abstract—Global Navigation Satellite Systems (GNSS) are the
primary technology for delivering reliable positioning and timing
solutions, supporting a wide range of applications across different
sectors. However, their performance can be significantly degraded
by interference, which gives rise to the need for robust counter-
measures that ensure both accuracy and resilience. This paper
presents a testbed based on the Skydel GNSS Software Simulator
for conducting multi-antenna GNSS experiments under real-
world conditions, enabling interference mitigation studies without
the need for additional hardware. The output is adjusted and
sent to the FGI-GSRx GNSS software receiver, which evaluates
the impact of the beamforming algorithms across all receiver
stages, providing a comprehensive assessment of their effect
on positioning performance. Two well-known techniques, Power
Inversion (PI) and Capon (CAP), are analyzed within the context
of small receivers, with results demonstrating their potential for
interference mitigation even with limited antenna arrays, thus
proving their suitability for handheld devices.

Index Terms—Global navigation satellite system, Skydel, Array
processing, Interference, Handheld, Capon, Power Inversion.

I. INTRODUCTION

Global Navigation Satellite Systems (GNSS) play a crucial
role in modern society, serving as a key technology across
a wide range of sectors [1]. A major threat to this service
arises when interference, whether intentional or not, appears,
causing inaccuracies in the positioning solution or disrupting
the receiver’s performance [2], [3]. This issue has grown
significantly in recent years, mainly due to the lower cost and
increased accessibility of jamming devices, emphasizing the
need to enhance the robustness of GNSS receivers and develop
effective countermeasures against this threat [4]–[6].

Extensive research has been conducted to counteract in-
terference effects [7]–[9], with spatial diversity emerging as
a particularly promising approach [10]. The deployment of
multiple antennas at the receiver enables the extraction of the
spatial characteristics of incoming signals, allowing the system
to filter out undesired contributions based on their spatial
properties. Numerous studies have explored the feasibility
of array processing techniques for interference mitigation,
comparing the performance of well-known algorithms in this
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new context and proposing novel beamforming solutions to
address the specific challenges of the GNSS domain [11]–[14].

However, most of the existing research assumes the use of
large antenna arrays, leaving the issue of GNSS handheld
receivers, such as smartphones and tablets, largely unex-
plored. The main limitation in these devices lies in space
constraints, which substantially limit the integration of multi-
antenna techniques. To accurately deploy the algorithms, an
antenna separation of λ/2 between consecutive elements must
be maintained. For GPS L1 signals, this translates to an
inter-element distance of approximately 10 cm. This poses a
significant challenge for small devices, where the overall size
is often comparable to this value, restricting the number of
antennas that can be deployed. Evidently, reducing the number
of antennas also decreases the effectiveness of beamforming
techniques, as the number of coefficients or weights applied
in the spatial filter directly corresponds to the available an-
tenna elements. Recent research has analyzed the effect of
different beamforming algorithms on small antenna arrays
in interference scenarios [15], [16]. However, these studies
typically provide results in terms of attenuation capacity or
focus primarily on blind beamforming approaches, which,
while simpler to implement, generally yield worse results than
algorithms that rely on a priori known information.

With this in mind, the aim of this paper is twofold. First,
we present a testbed based on the Skydel GNSS Software
Simulator for conducting multi-antenna experiments without
the need for additional hardware. By configuring various fea-
tures of Skydel, we emulate the behavior of a GNSS receiver
equipped with an antenna array, enabling the analysis of
diverse beamforming techniques under real-world conditions.
The output of the simulator is then fed into the FGI-GSRx
GNSS software receiver [17], which allows us to evaluate the
impact of the applied algorithms across all receiver stages,
offering a comprehensive view of the effect of beamforming.

Second, based on the proposed architecture, we evaluate the
performance of two well-known techniques, Power Inversion
(PI) [18] and Capon beamformer (CAP) [19]. Although these
techniques have been studied for decades in the context of
interference mitigation, the goal of this work is to assess their
suitability for small GNSS receivers, providing positioning-
level results obtained under real-world conditions, thus demon-
strating the potential of beamforming even with small arrays.



II. BEAMFORMING TECHNIQUES FOR INTERFERENCE
MITIGATION

A. Signal Model

Let us consider a L-element antenna array that receives
the line-of-sight (LOS) contributions from V visible satellites
along with M undesired components. The perceived signal by
the L antennas at time instant n can be modeled as a L × 1
vector, x[n], that follows the subsequent baseband discrete-
time signal structure,

x[n] =

V∑
v=1

a(φv, θv)s
(v)[n] +

M∑
m=1

a(φm, θm)im[n] + n[n],

(1)
where s(v)[n] is the desired signal coming from satellite v,
im[n] is the m-th interference, and n[n] denotes the i.i.d.
Gaussian noise. The spatial signature introduced by the array
for a contribution with direction of arrival (DoA) (φj , θj) is
denoted by the steering vector a(φj , θj) ∈ CL×1, where φj

and θj indicate the azimuth and elevation of the j-th source,
respectively.

B. Beamforming Techniques

The spatial samples encompassed in x[n] are linearly com-
bined through a set of coefficients or weights, w, which exploit
the spatial characteristics of the different signals impinging the
antenna array to filter out the undesired contributions. This
process is mathematically described as,

y[n] = wHx[n], (2)

with (·)H indicating the Hermitian transpose and y[n] defining
the output of the beamformer.

The computation of these weights is carried out according
to a predefined criterion, which determines the beamforming
technique in use and its effectiveness. Depending on the
characteristics of the received undesired contributions, the
mitigation capacity of a given technique can vary, particularly
due to the level of correlation between these components
and the desired GNSS signals. In the presence of general
interference, such as intentional jammers or any uncorrelated
contributions that might degrade the quality of service, GNSS
receivers can easily benefit from conventional and straight-
forward beamforming approaches. In this work the focus is
placed on two well-known techniques, the PI beamformer and
the CAP beamformer, which have been extensively proposed
to address the challenges of GNSS interference.

1) Power Inversion (PI) Beamformer: The idea behind the
PI beamformer is to minimize the overall received power at
the output of the beamformer, Py = E{|y[n]|2}. To achieve
this while ensuring that not all weights are zero, the weight
associated with the reference antenna is set to one, [w]1 = 1,
thereby guaranteeing that w ̸= 0. This results in the following
solution for the optimum weights of the PI beamformer,

wPI =
R−1

x δ1

δH1 R−1
x δ1

, (3)

where Rx is the spatial covariance matrix estimated after
processing N samples as Rx = 1

N

∑N−1
n=0 x[n]xH [n].

2) Capon (CAP) Beamformer: The CAP beamformer, also
referred to as Minimum Variance Distortionless Response
(MVDR) beamformer, designs the weights in order to min-
imize the power at the output while keeping a distortionless
constraint in the DoA of the desired signal. This guarantees
that at the DoA of the satellite under evaluation, v, the array
response will be equal to one, wHa(φv, θv) = 1, ensuring
that the weights do not alter the signal impinging from the
specified direction. Whereas this provides benefits in terms of
phase preservation and C/N0 levels for the GNSS signals, it
implies computing a set of weights for all visible satellites,
i.e., for each DoA. Taking this into consideration, the CAP
weights associated with the v are obtained as,

w
(v)
CAP =

R−1
x a(φv, θv)

aH(φv, θv)R
−1
x a(φv, θv)

. (4)

III. TESTBED ARCHITECTURE AND CONFIGURATION

Both previously introduced techniques are widely recog-
nized and have been extensively studied in the field of array
processing for a considerable time. Most of the reported
analysis rely on the attenuation values introduced by the beam-
formers to characterize their performance. However, while the
mitigation capacity demonstrates the potential of PI and CAP
for interference suppression, a more comprehensive under-
standing is obtained by analyzing more relevant performance
metrics, such as the accuracy of the positioning solution. In
this work, we carry out this evaluation under particularly
constrained conditions, considering a very limited number of
antennas –at most four– thus assessing the capabilities of
beamforming techniques in smaller GNSS devices.

To conduct the analysis, we use the Skydel GNSS Software
Simulator to generate a representative scenario in which the
GNSS signals are affected by a strong interference. Leveraging
Skydel’s features, we simulate a multi-antenna receiver using
multiple instances of the application, subsequently processing
the retrieved signals through a module where the proposed
techniques are applied. This module yields the output samples
described in (2), where the signal is supposedly interference-
free, hence the last step is to obtain a positioning solution.
For this purpose, we use the FGI-GSRx GNSS receiver,
which enables the processing of the output signal, providing
acquisition, tracking and navigation performance indicators. A
diagram illustrating this architecture is presented in Fig. 1.

A. Spatial Diversity with Skydel Simulator

The Skydel simulator generates the transmitted signals in
the form of I/Q data, which can either be fed into a software-
defined radio (SDR) to generate RF signals or stored for direct
processing in their I/Q form. As shown in Fig. 1, we directly
process the I/Q files generated by Skydel, avoiding the need
for additional hardware.

In order to replicate the behavior of a multi-antenna re-
ceiver, we make use of multiple Skydel instances. Each of
them shares exactly the same simulation parameters, with



Fig. 1. Diagram illustrating the process followed for the experiments.

the exception of the receiver’s position, which is shifted by
a distance of λ/2 between consecutive antennas to model
the required inter-element separation of a real multi-antenna
receiver. Considering the first instance as the reference an-
tenna, the receiver’s position at each subsequent instance must
be displaced by a distance of lλ2 , l = 2, . . . , L − 1. In our
system, we are restricted to running only two simultaneous
instances, synchronized using the controller-worker paradigm
offered by Skydel. Therefore, the first controller-worker pair is
executed to model the first two antennas, followed by a second
controller-worker pair that recreates the behavior of the third
and fourth elements. Note that all mentioned processes must
share the exact same simulation parameters, except for the
receiver’s position, to ensure a proper characterization of a
device equipped with an antenna array.

From the GNSS perspective, we exclusively use the GPS
constellation. Specifically, we focus on the L1 signals from the
visible satellites shown in the sky view in Fig. 2. The positions
of the satellites with respect to the receiver, in terms of azimuth
(φ) and elevation (θ), are provided by Skydel, thus we use
this information to construct the distortionless constraint for
the CAP weights in the beamforming module.

The interfering source is introduced into the simulation us-
ing Skydel’s “Advanced jammer” setting. The key distinction
of this feature compared to the “Basic interference” is that
it allows specifying the position of the transmitter, thereby
incorporating spatial information about the interference into
the simulation. This is a crucial aspect for our analysis, since
the mitigation capabilities leverage the spatial signature of the

Fig. 2. Sky view with visible GPS satellites.

different received components to filter out undesired signals.

B. Preprocessing & Beamforming Module

Due to Skydel’s internal logic, each of the generated contri-
butions, GPS signals and interference, is stored in separate I/Q
files. As a result, each instance produces two output files that
must be combined to reproduce the actual signal as perceived
in the presence of an interference.

However, prior to merging both contributions, we measure
the power levels of the individual components to ensure a
specific jamming-to-signal ratio (J/S) in the resulting signal.



By comparing the interference power, PJdB , with the power
measured for the GPS signals, PGPSdB , we define a scaling
factor β as,

β = 10(J/S−(PJdB−PGPSdB ))/20, (5)

ant the output signal from the l-th instance for the case of a
single interference (M = 1) is obtained as,

[
x(NF)[n]

]
l
=

V∑
v=1

[a(φs, θv)]l s
(v)[n]+β [a(φi, θi)]l i[n]. (6)

Note in (6) that
[
x(NF)[n]

]
l

does not include the noise
contribution, it is noise-free. Although Skydel offers the op-
tion of introducing Gaussian noise into the simulated GPS
signals, this setting was disabled for this analysis. The reason
behind this is that the noise generated across different Skydel
instances is correlated, leading to correlated noise across the
antenna elements in our simulation. This does not represent
a real antenna array, where noise is spatially white, therefore
we generate noise-free GPS signals using Skydel and manually
add the noise component.

Using a predefined representative signal-to-noise ratio
(SNR), the noise power is computed as,

Pn = PGPS (SNR|lin)
−1

, (7)

where SNR|lin is the SNR in linear scale. Therefore, the noise
term to be added to the l-th instance output,

[
x(NF)[n]

]
l
, is

obtained as shown in (8), where randn() is a built-in Matlab
function that generates random numbers following a Gaussian
distribution.

[n[n]]l =

√
Pn

2

(
randn()+ jrandn()

)
. (8)

With the noise incorporated into the simulation, the output
signal from each instance is treated as the data received by a
real antenna channel. These signals are arranged into matrix
X ∈ CL×N , which contains the N samples processed for
each of the L instances, i.e., X = [x[0] x[1] . . . x[N − 1]].
Referring to the diagram in Fig. 1, in the analysis of the
four-element array, matrix X is composed of the signals in
data ant 1, data ant 2, data ant 3, and data ant 4, whereas
when only two antennas are considered, the rows of matrix X
are constituted only by data ant 1 and data ant 2.

The next step is to build the weights for the two techniques
analyzed in this work, PI and CAP. The implementation of the
PI beamformer is straightforward once X is available, since
the only information needed to perform the calculation in (3)
is Rx, computed as Rx = 1

NXXH . However, the imple-
mentation of the CAP beamformer is slightly more complex.
Since the distortionless constraint must be maintained for each
visible satellite, we must generate as many sets of weights
as satellites are available in the simulation. To do so, the V
steering vectors a(φv, θv), v = 1, . . . , V , must be built using
the angular information retrieved from the Skydel simulator.
As previously introduced, Skydel provides the needed azimuth

and elevation values, thus we use it to construct the steering
vectors as,

a(φv, θv) = exp

−j
2π

λ
QT

sin(φv) sin(θv)
cos(φv) sin(θv)

cos(θv)

 , (9)

where Q ∈ R3×L is a matrix containing the 3D coordinates,
(x, y, z), of each antenna in the array with respect to the refer-
ence element, (0, 0, 0). In this analysis, we assume a uniform
linear array (ULA) where the antennas are placed along the x-
axis. Under these circumstances, the l-th column of matrix Q
is defined as [Q]:,l = λ/2 [l, 0, 0]

T
, l = 0, . . . , L − 1. Taking

this into consideration, the V weight vectors for the CAP
beamformer are directly computed according to (4).

C. FGI-GSRx GNSS Software Receiver

After applying the PI weights, the beamformer output is the
interference-free signal, represented by the N × 1 vector yPI,
which can be directly fed into the FGI-GSRx GNSS software
receiver for further processing. However, unlike the PI, the
CAP beamformer does not yield a single output signal but
rather V , one per satellite, with the v-th signal denoted by
vector y(v)

CAP.
When the FGI-GSRx GNSS receiver is launched, the acqui-

sition process begins by loading the data from the specified
file. At this stage, no information about the visible satellites
is available, therefore a DoA-dependent technique such as
the CAP beamformer cannot be applied. However, if the
interference is not mitigated before the receiver starts this
process, no GPS signals will be detected. This highlights the
need to apply a technique that can attenuate the interference
without relying on additional information, thereby ensuring a
successful acquisition process. For this, we use the output of
the PI for acquisition, which allows us to obtain the necessary
information to potentially exploit the CAP technique.

Once acquisition is completed, the parameters estimated are
used to initiate the tracking stage. Each acquired satellite is
tracked using an independent channel. By default, the FGI-
GSRx receiver uses the same file used for acquisition to
carry out the tracking across all the channels. However, to
asses the performance of the CAP beamformer, which applies
DoA-dependent weights for each satellite, we must modify
the tracking module to contemplate the use of a different
file for each channel. In this modified version of the FGI-
GSRx receiver, each tracking channel can be associated with
a specific data file, which allows us to link the channel tracking
the v-th satellite to the corresponding beamformer’s output.

Therefore, regardless of the technique applied during the
tracking stage, acquisition is always performed on the signal
obtained after applying the PI, ensuring interference mitigation
and thus enabling the proper retrieval of GPS signals. Subse-
quently, when tracking begins, the beamformer can either be
switched to the CAP, since the satellites are known, or remain
set to the PI.

The resulting testbed enables a valuable analysis of the two
techniques without requiring any additional hardware beyond



the Skydel simulator itself. Through the implemented module
we adapt Skydel’s outputs to emulate a real multi-antenna
GNSS receiver, and the modifications introduced in the FGI-
GSRx receiver enable the processing of outputs from DoA-
dependent beamformers, allowing us to obtain meaningful
performance metrics.

IV. EXPERIMENTAL RESULTS

The results presented in this section aim to validate the
previously described testbed and to report the performance of
the two proposed techniques, PI and CAP, in GNSS handheld
receivers. Since the focus of this work is on small devices,
the experiments performed are limited to the case of two
and four antennas, where we deploy both algorithms and
study their behavior in the presence of a continuous wave
(CW) interference. The analysis considers GPS L1 C/A signals
affected by a CW at the central frequency of the band, i.e.,
fc = 1575.42 MHZ. The interference power is set to produce
a J/S of 50 dB at the receiver, while a SNR value of −19
dB is assumed for noise generation [20].

The disposition of the satellites at the time of the simulation
is that shown in Fig. 2. The azimuth angle, φ, is measured in
the horizontal plane with respect to an imaginary reference
line pointing north from the receiver, which is defined as
φ = 0◦. Positive azimuth angles are measured clockwise,
while negative angles are measured counterclockwise. Based
on this convention, the interference transmitter is positioned
200 m from the receiver at an azimuth angle of φi = −66.94◦,
as illustrated in Fig. 3.

Fig. 3. Position of the interference transmitter with respect to the receiver.

To validate the proposed architecture, we first estimate
the DoA of the interference to ensure that accurate spatial
information can be extracted from the Skydel setup. We
use the four-antenna configuration along with the CAP for
DoA estimation, which measures the output power in all the
array directions after applying their corresponding weights.
The resulting function exhibits as many peaks as signals
are observed, with these maximum values directly linked
to the received power of each contribution. Since only one
CW interference is present alongside the GPS signals, which
remain buried below the noise floor, we expect to observe a
single prominent peak, corresponding to the estimated DoA.

The results obtained from this analysis are presented in Fig.
4, where a red-dashed line indicating the true DoA of the
interference is included for reference. As seen, the estimated
DoA, φ̂ = −67.66◦, is very close to the true value, with
an error of less than 1◦. This suggests that the proposed
Skydel-based setup is well-suited for accurate multi-antenna
simulations.
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Fig. 4. Output power of the CAP beamformer for different φ.

Nevertheless, our objective is to use the presented testbed
to evaluate the impact of the PI and CAP, focusing on metrics
that offer real insight into the receiver’s behavior. To this
end, we rely on the information reported by the FGI-GSRx
receiver after processing 65 s of the outputs of both techniques
for the two- and four-element antenna array configurations.
Particularly, for each case, we evaluate the C/N0 of the tracked
satellites and the final error in the positioning solution, as
these metrics reflect the receiver’s ability to maintain signal
tracking and achieve accurate positioning once the interference
is mitigated. The scenario with no mitigation technique applied
cannot be analyzed, as the receiver becomes saturated when
the interference is addressed.

Table I summarizes the results for each technique and array
size in terms of number of satellites tracked and horizontal
(2D) root mean square error (RMSE) of the positioning
solution. The most notable result is that, although the receiver
is unable to track all nine satellites in either case, increasing
the number of antennas from two to four allows tracking an
additional one, raising the number from seven to eight. This is
because a larger array improves interference mitigation, lead-
ing to higher C/N0, which is crucial for satellite acquisition.

This enhancement in terms of C/N0 is more clearly observed
in Fig. 5, where the average C/N0 among the tracked satellites
is presented for each analyzed case. Notably, the CAP beam-
former with four antennas demonstrates significantly improved
performance, showing an increase of approximately 5 dB-Hz
compared to the other cases. This can be explained through the
distortionless constraint. Since the CAP technique guarantees



TABLE I
SUMMARY OF TRACKED SATELLITES AND 2D RMSE.

2 Antennas 4 Antennas
Tracked Sat. 2D RMSE Tracked Sat. 2D RMSE

PI 7/9 4.06m 8/9 3.28m
CAP 7/9 4.38m 8/9 2.28m

Only GPS - Single Antenna
Tracked Sat. 2D RMSE

9/9 3.04m

a unitary response in the DoA of the satellite, the array pattern
does not introduce random gains in that direction, as can
happen with the PI. The PI beamformer directly mitigates the
undesired contribution without controlling the array pattern’s
behavior in other DoA, potentially causing aleatory attenuation
in desired directions. This also explains why the improvement
between the two and four antenna cases in the PI is not as
significant as in the CAP. Note that the enhancement observed
with the CAP is twofold: it results from both preserving the
desired DoA without distortion and increasing the interference
mitigation capacity. In contrast, the improvement in the PI is
solely attributed to the latter.
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Fig. 5. Average C/N0 with PI and CAP for 2- and 4-element configurations.

The metrics previously discussed offer valuable insight into
the receiver’s performance. However, the primary objective of
a GNSS receiver is to deliver accurate positioning solutions,
making the most relevant performance metric the accuracy of
the solution itself. In Fig. 6 the 2D position error for all the
cases analyzed is presented, along with the baseline results
obtained using only GPS signals (no interference present) in a
single-antenna scenario. Furthermore, in the top left corner of
the figure, the variance of the results for each case is shown
to provide additional clarity on the behavior in each scenario.

The reported results highlight the effectiveness of the
beamforming techniques, as the receiver is able to provide
positioning solutions with a 2D error consistently below 10 m
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Fig. 6. 2D error in the positioning solution with PI and CAP for 2- and
4-element configurations.

in all scenarios. Moreover, when the number of antennas in the
array is increased from two to four, the position error drops
below 5 m during most time instants.

Overall, the best performance is achieved with four antennas
using the CAP technique, σ2

CAP−4ANT = 0.998m2, which is
in line with the tracking results presented in Fig 5. However,
when only two antennas are used, the performance of the
PI (σ2

PI−2ANT = 2.521m2) is better than that of the CAP
beamformer (σ2

CAP−2ANT = 3.753m2), offering slightly
smaller positioning errors. This indicates that both beamform-
ing techniques are effective at mitigating interference, even
when the number of antennas is limited. In particular, the PI
technique offers competitive results with fewer antennas, while
the CAP technique further improves performance as the array
size increases.

V. CONCLUSION

In this paper, we have demonstrated the feasibility of using
the Skydel simulator to assess the performance of beamform-
ing techniques in GNSS multi-antenna receivers. The devel-
oped preprocessing and beamforming module adapts Skydel’s
output to emulate an antenna array, while the modifications
introduced in the FGI-GSRx receiver enable the processing
of the beamformer’s output and the extraction of valuable
performance metrics. Using the proposed setup, we have
analyzed the CAP and PI techniques in constrained scenarios
where the number of antennas was limited to, at most, four.
The results obtained not only validate the suitability of the
architecture, but also highlight the potential of beamforming
methods to enhance GNSS receiver performance. Even with a
limited number of antennas, these techniques effectively miti-
gate interference, making them viable solutions for resource-
constrained systems, such as handheld devices.
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Bhuiyan, GNSS Software Receivers. Cambridge University Press, 2022.


