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Alternative Implementations of the GNSS
Power-Based Capon Beamformer

Marti Marfiosas-Caballa

Abstract—Power-Based Capon beamforming has recently been
proposed to avoid the well-known cancellation effects between
direct signal and correlated multipaths of the Capon beamformer.
This novel technique exploits the fact that in some applications the
power of the direct signal can be known at the receiver, in addition
to the more usual assumptions of known spatial and temporal sig-
natures. At the implementation stage, however, it involves solving a
given two-dimensional rank minimization problem, which must be
approximated to avoid inherent numerical limitations. In this work,
we present an equivalent minimization problem that overcomes
such limitations, and therefore leads to alternative implementa-
tions that can provide more precise and reliable results. The new
approach is justified mathematically, and also supported by several
simulations results.

Index Terms—Arrays, coherent,

correlated, GNSS, multipath.

beamforming, Capon,

1. INTRODUCTION

LOBAL Navigation Satellite Systems (GNSS) enable the
G calculation of a user position by using the signals trans-
mitted by a constellation of specific satellites. For GNSS, only
the received Line-Of-Sight Signal (LOSS) is useful to obtain in-
formation about the user position. Multipath reflections usually
bias the apparent distance between the user and each available
satellite, and they also hamper the ambiguity resolution process
needed for carrier-phase ranging [1]. For this reason, significant
research has been devoted to the mitigation of multipath effects,
and many techniques have been proposed so far. On one hand,
there are single-antenna techniques, that attempt to discriminate
the received signals by exploiting temporal diversity [2]-[8].
On the other hand, there are multiple-antenna techniques, that
attempt to discriminate the received signals by exploiting spatial
diversity [9]-[22].

The most practical multiple-antenna solutions are based
on data-dependent beamforming, where specifically designed
weights are calculated that depend on the statistics of the in-
coming data [23]. These weights are used to spatially filter
the incoming signals by the antenna array, and thus attenu-
ate the interference and noise present. Since all GNSS use
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Direct-Sequence Spread-Spectrum modulations, the data used to
compute the beamforming weights can be obtained either before
or after the despreading process [24]. The current techniques
can be mainly grouped into those that exploit knowledge of the
LOSS spatial signature, as in [25]-[29], into those that exploit
knowledge of the LOSS temporal signature, as in [30]-[33], or
into the blind ones, that only exploit some specific properties
of the signals involved [34]-[40]. Although all these techniques
are very useful in GNSS scenarios, they have serious limitations
when correlated multipaths are present. A great example is
that of Capon [41], which works extraordinarily well in the
presence of uncorrelated interferences, but suffers from direct
signal cancellation in the presence of correlated multipaths.

Recently, a modification of the Capon beamformer has been
proposed exploiting the known power of the direct signal at the
receiver, and itis referred to as Power-Based Capon (PBC) beam-
forming [42]. By estimating some particular cross-correlation
terms and subtracting them from the spatial correlation matrix
of the received signal, this novel technique prevents great part
of the cancellation effects between direct signal and correlated
multipaths. In this work, we review the most important features
of the PBC and propose more practical and better performing
implementations. In Section II, we formally state the problem
to be addressed. In Section III, we derive an equivalent for-
mulation of the PBC that leads to enhanced implementations.
In Section IV, we show numerical examples that support the
theoretical discussions. Finally, we draw conclusions about the
work in Section V.

II. PROBLEM STATEMENT

Let us assume that the n-th sample of the post-despreading
baseband equivalent signal received by an arbitrary L-element
array can be written as follows:

x[n] = as[n] + Z bimy[n] + vin] )]

where s[n] € C is the LOSS, a € CL is its corresponding
spatial signature, my[n] € C is the k-th multipath reflection,
by € CLisits corresponding spatial signature, and v[n] € CE
is the received spatially white noise with identical power at
each sensor. The signals involved in (1) impinge on the array
from different directions, so that a, by,...,bp are linearly
independent. The vector a is considered to be known, whereas
b1,...,bp are unknown. In the scenario of interest, the mul-
tipath reflections can be either correlated or uncorrelated with
the direct signal, and verify D < L. Specifically, they can be
written as mg [n] = Bis[n — ple 79 Vk € {1,..., D}, where
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Br € R, 7, € R and ¢y, € R are the corresponding amplitude,
delay and phase relative to the LOSS.

At the receiver, a reference signal c[n, T, ¢] is also available.
It is a non-synchronized replica of the direct signal s[n], and can
be tuned through a delay 7 and phase ¢:

cln, 7, 0] = s[n + 7 — 1.]e? (P

where 7. and @, are the unknown delay and phase synchro-
nization errors. The spatial cross-correlation vector between
x[n] and c[n, T, @] can be easily calculated, which is defined
as I'x.(7, ¢) = E{x[n]c[n, 7, ¢]*} and can be written as:

Too(T, ) = (Arg(T — 7) + Brmy (7 — 7)) e 779 (2)
where 74(7) = E{s[n|s[n + 7|*}, rms(7) = E{m[n]s[n +
71*}, min] = [mi[n]...mp[n]]T and B =[by...bp]. In
addition, the spatial correlation matrix of x[n] can also be
calculated. It is defined as Ryyx = E{x[n]x[n]} and can be
written as:

Ryx = ogaaH + arfwBH + BrmSaH + BRmBH + O‘%I

where o2 is the known power of s[n], o2 is the power of v[n],
rms = E{m[n]s[n]*}, Ry = E{m[n)m[n]"} and T denotes
the identity matrix.

If we evaluate (2) at 7 = 7. and ¢ = @, then ry.(7, ) is
equal to the vector aag + Brp,s, which in turn can be trans-
formed to Br,, because a and ag are known. This procedure
further allows to calculate the cross-correlation terms Br,y,sa’”
and arl B, and to subtract them to Ryy. The result is a
new correlation matrix that would correspond to the scenario
where the multipaths are totally uncorrelated with the LOSS.
Then, if the Capon beamformer is calculated using the new
correlation matrix, the typical cancellation effects between the
direct signal and multipaths are avoided. This procedure is
known as Power-Based Capon (PBC) beamforming [42], and
the estimates of 7. and ¢, are obtained from the solution to:

min rank (R(7, ¢)) 3)
TP
where R(7,¢) is defined as Ryx —c2aall — 021 —
aa(r, ) — a(r,p)afl, and (7, @) = ry.(7,p) — ac?.

Here, the value of 012) must be assumed known.

In practice, the discontinuities of the rank function and the
need to use a threshold for the calculation of the numerical rank
make the minimization problem (3) very difficult to implement.
For this reason, the original PBC uses a generalization of the
Schatten p-norm to approximate the rank:

S(1,0) = (ZUZ(T,@))% with 0 < p < 00
k

where oy (7, ) is the k-th singular value of R(7,¢). This
cost function is relatively simple to calculate, and does not
present neither the discontinuities of the rank nor its numerical
limitations. However, it only provides the exact values of 7, and
@ when p — 0, and very low values of p are not numerically
recommended [42]. With the goal of providing more accurate
and reliable results, in the following we develop an equivalent
approach to (3) that leads to new implementations of the PBC.
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III. EQUIVALENT APPROACH
A. Theoretical Bases

Let us start by noting that the matrix R (7, ¢) can be written
as follows:

o B [2F 2RO o] [a
'ms — I'ms (77—)eijSZJ Rm BH

where 7 and ¢ are used to denote 7 — 7. and ¢ — @, respectively,
and R{} denotes the real part operator. A direct consequence of
this formulation is that R(7, ) can be considered as the spatial
correlation matrix of an hypothetically received signal xq[n]:

D
xo[n] = as[n] — as[n + 7]e’? + Z bimy[n] 4)
k=1

If we evaluate (4) at 7 = 7, and ¢ = ., then there is no
contribution of a in xo[n], and therefore it is natural that in this
case the rank of R(7, ¢) is minimal. Further, when we process
xo[n] withabeamformerw € CZ thatsatisfies the distortionless
constraint wa = 1,itis expected that the minimum achievable
power at the output of the beamformer is zero. In contrast, if
T # T, Or p # @, then there is contribution of a in x¢[n], and
some amount of power must be present at the output unless
the direct signal is fully correlated with some multipaths. This
observation suggests that minimizing the rank of R(7, ¢) may
provide the same minimizers as:

r}_lgl Pmin (7—7 90) (5)
where P i (7, ) is the minimum achievable power at the output
of a distortionless beamformer with input equal to xo[n], and
thus it is defined as the minimum value of w’ R(7, ¢)w subject
to wa = 1. The following lemma has been developed to prove
the equivalence.

Lemma 1: The minima of problems (3) and (5) are attained
at the same values of (7, ¢).

Proof: Letus find first an analytical expression of P, (7, ).
If we exploit the known structure of R(7,¢) together with
wila = 1, then w” R, ¢)w can be replaced with the follow-
ing function:
P(w) =202 — 2R{ry(7)e 9%} + (vH —rH

ms (T)e??) B w
+ WHB(I‘mS —rms(F)e 7)) + wiBR,,,Bw
Thus, using the Lagrange multiplier theorem to find the min-
imum of P(w) subject to wa = 1, we shall define:

L(w,A) = P(w) + A(wfa—1) + 2" (afflw — 1)
and solve the system:
VL(w,%)=0 (6)
alw =1 (7

where A € C is the Lagrange multiplier and V is the complex
gradient operator with respect to w?.
The solution to (6) gives & = 0 because the columns of B and

a are linearly independent, and also as a result:

BR,BYw = —B(rms — rms(7)e %)
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which can be reduced to:
R,Bfw = —(rms — rms(%)e’j‘p)

These last two equations are compatible with (7), and if we
substitute them into P(w), and we rewrite Ry, as Ry R R
by means of the pseudoinverse R, we finally obtain that the
minimum achievable power is:

Puin (7, 0) = 203 — QR{TS(f)e’jSB} ®)

- (rgs - rgs (7_')6”3 ) Ri1 (Tms — T'ms (f)eij@ )

Now note that P,;,, (7, ¢) is positive by definition. Therefore
its minimum over 7 and ¢ is attained when P, (7, ¢) = 0.
This leads to the condition 202 — 2R {r,(7)e 7%} = (v, —
rH (F)e?? )R (rms — Tms(T)e 7% ), which is the one ob-
tained in [42] starting from the minimization of the rank of
R (7, ) and extended to complex (7). [ |
Lemma 1 tells us that the PBC beamformer can be imple-
mented from the points (7, ¢) that minimize P,;, (7, ). This
is inherently better than minimizing rank(R(7, ¢)), because
Pumin(7, ) is continuous, and also because small numerical

deviations in R(7, ¢) do not change P i, (7, ) dramatically.

B. Implementation Aspects

At the receiver, the calculation of P, (7,¢) needs to be
performed from an estimate of R(7,¢). Then, the Lagrange
multiplier theorem can be applied to the function w7 R(7, p)w
subject to the constraint w/a = 1, leading to the system:

R(7,o)w = —pa )

H

a'w=1 (10)

where 1 € C is the associated Lagrange multiplier.

The solution to (9)-(10) is straightforward and well-known
when R(7, ¢) is invertible. However, the matrix R(7, ¢) may
not be full rank in the scenario of interest, and in fact we know
that it degenerates for some 7 and ¢ [42]. When R(7, ) is
not full rank, two distinct scenarios must be contemplated that
depend on the space spanned by R(T, ¢).Ifa & span{R(T, ©)},
then (9) can only be fulfilled when p = 0, which gives w €
null{R(7, ¢)} and leads to P, (7, ) = 0. In contrast, if a €
span{R (7, )}, then (9) has multiple solutions that together with
(10) lead to Pin (7, ¢) = (a’’R(7, ¢)*a) L. This results into
a piecewise definition of P, (7, ¢) with sub-domains defined
by span{R(7, ¢)}. Unfortunately, these sub-domains are very
delicate to calculate numerically.

In order to avoid the need of piecewise definitions, one can
attempt to directly find a point (79, @) where Pin (7, ¢) is
minimum by using the sole function:

Fi(r,¢) = (@"R(r,¢)Ta)"! (11)

This function is strictly positive, and must satisfy:

lim Fi(r,9) =0

(7:9)=(70,%0)
because (8) implies that P, (7, ¢) must be continuous due
to the continuity of all its terms, and because (79, o) verifies
a ¢ span{R (7, po)}. As a result, (79, ¢p) can be approached
accurately by minimizing F; (7, ¢). Whatis certain is that a jump
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discontinuity exists, since F (7o, o) # 0. A discontinuity in
Fy(7,¢) implies a discontinuity in R(7, )", and this carries
some numerical consequences. In essence, it becomes crucial
to select very carefully a threshold for the singular values of
R(7, @) that are taken as zero. A threshold that is too large can
cause I (T, ¢) jump close to the discontinuity value F} (79, o)
when (7, @) is still far from (79, ¢p). In contrast, a threshold
that is too small allows numerical deviations of the null singular
values of R(7, ¢) to be translated to Fy (7, ¢).

A reasonable approach to avoid the need of a threshold in
the computation of (11) is to add a small amount of diagonal
loading € > 0 to the matrix R(7, ¢). In this way, the function
Fi (7, ¢) is approximated by the continuous function F5 (7, ¢) =
(@’ (R(r,¢) +eI)~ta)~!. Not only the use of an standard
inverse avoids the discontinuity problem, but also the strictly
positive singular values of R(7, ) + €I prevent the numerical
instability associated with the null singular values. In order to
see how similar Fy(7, ) is to the desired function Py, (7, ¢),
the following lemma has been developed.

Lemma 2: The function F5 (7, ) — P (7, ¢) whene — 0.

Proof: Let us start by writing F5(7, ¢) as:

-1

P 1 L 1
do—ledal+ Y —loial (12)

A €
Pl k=p+1

where A and ¢, are the k-th singular value and k-th singular
vector of R(7, ) respectively, and p is the rank of R(7, ¢).
The sets {¢;,...,¢,} and {¢, 1, ..., ¢} form orthonormal
bases of span{R(7, ¢)} and null{ R (7, ¢)} respectively. If a ¢
span{R(7, )}, then |p+'a| # 0 forsome k € {p+1,...,L},
and the limit of (12) when € — 0 is zero. In contrast, if a €
span{R(7, )}, then |pi'a] =0 for all k€ {p+1,...,L},
and the limit of (12) when ¢ — 0 is (>f_; |pi al?) ™ =
(afR(r,p)ta)L. [ ]

The asymptotic equivalence shown in Lemma 2 means that
for a sufficiently small e, the function F» (7, ¢) is a good enough
estimate of P,in (7, ), so that the minimizers of Fy(7, ) are
also good enough estimates of the minimizers of P iy (7, ¢).
In addition, F»(T,¢) presents a great advantage in terms of
simplicity if the value of ¢ is set to 2. The noise term that
had to be subtracted from Ry in the calculation of R(T, ¢)
is then reintroduced, eliminating the need to estimate o2. And
since o2aa’? can also be added to R(7, ) without influencing
the minimization problem (5), we can use:

Fy(r,9) = (@"R(r,¢) 'a)™ (13)

where R/(7,¢) is Rxyx — ac(7, ) — a(r,p)a’. Similarly
to [42], the process to calculate the PBC beamforming weights
is then as shown in Algorithm 1.

IV. SIMULATION RESULTS

In this section, we present some numerical examples related
to the implementation of (5). Specifically, we compare the
accuracy of the proposed functions to estimate the delay and
phase that minimize P, (7, ), and also analize the response
of the corresponding PBC beamformers to multipath and noise.

Throughout all the simulations, we assume that a 5-element
array receives a Global Positioning System (GPS) signal and
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Algorithm 1: PBC Beamforming.

Given the signals x[n] and c[n, 7, ¢]: -
1) Calculate Ry and ry.(7, ¢), and then R(7, ¢)
2) Solve (79, pg) = argmin (al’R(7, ) ta)~?
™%
if solution is not unique then
take the one with smallest 7 and ¢ = 0

end if B
3) Compute Capon using R(7o, ¢¢) instead of Ry

two multipath reflections with angles of arrival equal to 30°,
—20° and 80° respectively. The post-despreading versions of
the received signals are calculated from a triangle function of
duration 7. = 1/1023 ms. This function is also used as the
shape of the autocorrelation of the Gaussian noise. After each
integration time 7j,; = 20 ms, 31 samples are taken within an
interval approximately 7, centered at the time-delay obtained
from a standard Delay-Locked Loop. The relative amplitudes
and phases of the multipaths are set to 81 = 0.95, S = 0.7 and
1 = —7/4rad, g3 = 7/2rad. The relative delays of the mul-
tipaths are defined as 7y = & - 1.57, and 75 = £ - 2.5T,, where
¢ € [0, 1) is ascaling factor. When £ is zero, all the multipaths are
received coherently. When £ = 1, they are received with delays
1.57, and 2.5T,. Then, the simulation results are represented
as a function of &, allowing a wide range of correlations to be
taken into account. The Carrier-to-Noise-density (C/Ny) is set
to 45 dBHz, and the observation time of the GPS receiver to
T = 200 ms.

Fig. 1 and Fig. 2 plot the Root Mean Squared Error (RMSE)
of the estimated delay and phase that minimize the functions
S(7,¢), F1(7, p)and F5(T, ), withrespect to the desired values
7. and ¢.. Unlike in [42], the value of p in S(7, ¢) is set here
to 0.4. In this way, the resulting mean of the estimates worsens
slightly, but the variance improves and so does the RMSE. The
threshold needed for the calculation of the pseudoinverse in
Fy(7,¢)issetto 104, and the value of ¢ in F (7, ¢) to o2. Fig. 3
plots the expected value of the Signal-to-Noise-plus-Multipath
Ratio (SNMR) at the output of different beamformers. The
dotted line corresponds to the traditional Capon (CAP), and
each solid line corresponds to a specific implementation of
the PBC, with either S(7, ), Fi(7, ) or Fi(T,¢). Looking
at the plots, Fig. 1 shows that the delays estimated by the
distinct functions differ only by a few nanoseconds. Fig. 2 shows
that the differences obtained in the estimated phase can be as
large as 0.2 rad. Fig. 3 shows that, while CAP suffers seri-
ous cancellation effects for £ = 0 and only achieves SNMR <
8 dB for the remaining ¢, all PBC implementations start with
SNMR = 1dB and approach SNMR = 26 dB as £ grows. Re-
markable enough, F5(7, ) leads to SNMR > 10dB for £ >
0.02.

V. CONCLUSION

This article reviews the most fundamental aspects of arecently
proposed beamforming technique, referred to as Power-Based
Capon. In order to overcome the numerical limitations of the
original formulation, we have approached the problem to be
solved from a different perspective, based on a new cost function
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ent beamformers, versus delay factor &.

that is continuous and less sensitive to numerical deviations in
the estimated correlation matrices. The equivalence between the
new formulation and the original one is proven, and correspond-
ing implementations are proposed. While the results obtained
show that all implementations are valid, they also indicate that
F5(T,¢) in (13) provides the best results.

Authorized licensed use limited to: Universitat Autonoma De Barcelona. Downloaded on September 01,2021 at 21:59:42 UTC from IEEE Xplore. Restrictions apply.



MANOSAS-CABALLU AND SECO-GRANADOS: ALTERNATIVE IMPLEMENTATIONS OF THE GNSS POWER-BASED CAPON BEAMFORMER

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

REFERENCES

B. Hofmann-Wellenhof, H. Lichtenegger, and J. Collins, Global Position-
ing System: Theory and Practice. Vienna, Austria: Springer, 2001.

A. J. V. Dierendonck, P. Fenton, and T. Ford, “Theory and performance
of narrow correlator spacing in a GPS receiver,” ION Navigation, vol. 39,
no. 3, pp. 265-283, 1992.

R. D. J. V. Nee, “The multipath estimating delay lock loop,” in Proc.
IEEE Int. Symp. Spread Spectr. Tech. Appl., Yokohama, Japan, Nov. 1992,
pp- 39-42.

L. Garin, F. V. Diggelen, and J.-M. Rousseau, “Strobe and edge correlator
multipath mitigation for code,” in Proc. ION Int. Tech. Meeting Satell.
Div., Kansas City, MO, USA, Sep. 1996, pp. 657-664.

M. Sahmoudi and M. G. Amin, “Robust tracking of weak GPS signals
in multipath and jamming environments,” Signal Process., vol. 89, no. 7,
pp. 13201333, Jul. 2009.

K. D. Wesson, B. L. Evans, and T. E. Humphreys, “A combined symmetric
difference and power monitoring GNSS anti-spoofing technique,” in Proc.
IEEE Global Conf. Signal Inf. Process., Austin, TX, USA, Feb. 2013,
pp. 217-220.

X. Chen, E. Dovis, S. Peng, and Y. Morton, “Comparative studies of
GPS multipath mitigation methods performance,” IEEE Trans. Aerosp.
Electron. Syst., vol. 49, no. 3, pp. 1555-1568, Jul. 2013.

C. Cheng and J.-Y. Tourneret, “An EM-based multipath interference
mitigation in GNSS receivers,” Signal Process., vol. 162, pp. 141-152,
Sep. 2019.

T.-J. Shan, M. Wax, and T. Kailath, “On spatial smoothing for direction-
of-arrival estimation of coherent signals,” IEEE Trans. Acoust., Speech,
Signal Process., vol. ASSP-33, no. 4, pp. 806-811, Aug. 1985.

M. D. Zoltowski and F. Haber, “A vector space approach to direction
finding in a coherent multipath environment,” /EEE Trans. Antennas
Propag., vol. ASSP-34, no. 9, pp. 1069-1079, Sep. 1986.

1. Ziskind and M. Wax, “Maximum likelihood localization of multiple
sources by alternating projection,” IEEE Trans. Acoust., Speech, Signal
Process., vol. 36, no. 10, pp. 1553-1560, Oct. 1988.

G. Seco-Granados and J. A. F. Rubio, “Maximum likelihood propagation-
delay estimation in unknown correlated noise using antenna arrays:
Application to global navigation satellite systems,” in Proc. IEEE Int.
Conf. Acoust., Speech, Signal Process., Seattle, WA, USA, May 1998,
pp. 2065-2068.

R. L. Fante and J. J. Vacarro, “Cancellation of jammers and jammer
multipath in a GPS receiver,” IEEE Aerosp. Electron. Syst. Mag., vol. 13,
no. 11, pp. 25-28, Nov. 1998.

R. L. Fante and J. J. Vaccaro, “Wideband cancellation of interference in
a GPS receive array,” IEEE Trans. Aerosp. Electron. Syst., vol. 36, no. 2,
pp. 549-564, Apr. 2000.

G. Seco-Granados, J. A. Fernandez-Rubio, and C. Fernandez-Prades,
“ML estimator and hybrid beamformer for multipath and interference
mitigation in GNSS receivers,” IEEE Trans. Signal Process., vol. 53, no. 3,
pp. 1194-1208, Mar. 2005.

S. Daneshmand, A. Broumandan, N. Sokhandan, and G. Lachapelle,
“GNSS multipath mitigation with a moving antenna array,” IEEE Trans.
Aerosp. Electron. Syst., vol. 49, no. 1, pp. 693-698, Jan. 2013.

M. Manosas-Caballd, G. Seco-Granados, and A. L. Swindlehurst, “Robust
beamforming via FIR filtering for GNSS multipath mitigation,” in Proc.
IEEE Int. Conf. Acoust., Speech, Signal Process., Vancouver, BC, Canada,
May 2013, pp. 4173-41717.

M. Manosas-Caballd, J. L. Vicario, and G. Seco-Granados, “On the
performance of deterministic beamformers: A trade-off between array
gain and attenuation,” Signal Process., vol. 94, no. 1, pp. 158-162,
2014.

N. Vagle, A. Broumandan, A. Jafarnia-Jahromi, and G. Lachapelle, “Per-
formance analysis of GNSS multipath mitigation using antenna arrays,” J.
Global Positioning Syst., vol. 14, no. 4, pp. 1-15, Nov. 2016.

S. Daneshmand and G. Lachapelle, “Integration of GNSS and INS with a
phased array antenna,” GPS Solutions, vol. 22, no. 3, pp. 1-14, Nov. 2018.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

1439

Y. Hu, S. Bian, B. Li, and L. Zhou, “A novel array-based spoofing and
jamming suppression method for GNSS receiver,” IEEE Sensors J.,vol. 18,
no. 7, pp. 2952-2958, Apr. 2018.

J. Wu, X. Tang, Z. Li, C. Li, and F. Wang, “Cascaded interference and
multipath suppression method using array antenna for GNSS receiver,”
IEEE Access, vol. 7, pp. 69274-69282, May 2019.

H. L. Van Trees, Optimum Array Processing (Part IV of Detection, Esti-
mation, and Modulation Theory). New York, NY, USA: Wiley, 2002.

A. L. Swindlehurst, B. D. Jeffs, G. Seco-Granados, and J. Li, Applications
of Array Signal Processing, Academic Press Library in Signal Processing.
Amsterdam, The Netherlands: Elsevier, 2014, vol. 3, ch. 20, pp. 859-953.
O. L. Frost, “An algorithm for linearly constrained adaptive array process-
ing,” Proc. IEEE, vol. 60, no. 8, pp. 926-935, Aug. 1972.

M. D. Zoltowski and A. S. Gecan, “Advanced adaptive null steering
concepts for GPS,” in Proc. IEEE MILCOM, San Diego, CA, USA,
Nov. 1995, pp. 1214-1218.

R.G.Lorenz and S. P. Boyd, “Robust beamforming in GPS arrays,” in Proc.
ION Nat. Tech. Meeting, San Diego, CA, USA, Jan. 2002, pp. 409—427.
M. Sahmoudi and M. Amin, “Optimal robust beamforming for interference
and multipath mitigation in GNSS arrays,” in Proc. IEEE Int. Conf. Acoust.,
Speech, Signal Process., vol. 3, Honolulu, HI, USA, Apr. 2007, pp. 693—
696.

Y. Jiang, P. Stoica, Z. Wang, and J. Li, “Capon beamforming in the
presence of steering vector errors and coherent signals,” in Proc. MIT
ASAP Workshop, Lexington, MA, USA, Jun. 2007, pp. 1-6.

B. Widrow, P. E. Mantey, L. J. Griffiths, and B. B. Goode, “Adaptive
antenna systems,” Proc. IEEE, vol. 55, no. 12, pp. 2143-2159, Dec. 1967.
J. Miller and S. Miller, “An adaptive antenna array for multiple received
signals in direct-sequence code-division multiple-access communication
systems,” in Proc. IEEE MILCOM, Fort Monmouth, NJ, USA, Oct. 1994,
pp. 733-737.

G. Seco-Granados and J. A. Fernandez-Rubio, “Multipath and interference
errors reduction in GNSS by joint pseudorange measurement and array
beamforming,” in Proc. Eur. Symp. GNSS, Munich, Germany, Apr. 1997,
pp. 605-614.

D. S. D. Lorenzo, F. Antreich, H. Denks, A. Hornbostel, C. Weber, and
P. Enge, “Testing of adaptive beamsteering for interference rejection in
GNSS receivers,” in Proc. ENC GNSS, Geneva, Switzerland, Jun. 2007.
R. Gooch and J. Lundell, “The CM array: An adaptive beamformer for
constant modulus signals,” in Proc. IEEE Int. Conf. Acoust., Speech, Signal
Process., Tokyo, Japan, Apr. 1986, pp. 2523-2526.

S.-S. Hwang and J. J. Shynk, “Blind GPS receiver with a modified
despreader for interference suppression,” IEEE Trans. Aerosp. Electron.
Syst., vol. 42, no. 2, pp. 503-513, Jun. 2006.

M. G. Amin and W. Sun, “A novel interference suppression scheme for
global navigation satellite systems using antenna array,” I[EEE J. Sel. Areas
Commun., vol. 23, no. 5, pp. 999-1012, May 2005.

B. Suard, A. F. Naguib, G. Xu, and A. Paulraj, “Performance of CDMA
mobile communication systems using antenna arrays,” in Proc. IEEE Int.
Conf. Acoust., Speech, Signal Process., vol. 4, Minneapolis, MN, USA,
Apr. 1993, pp. 153-156.

D.-J. Moelker, E. V. der Pol, and Y. Bar-Ness, “Adaptive antenna arrays
for interference cancellation in GPS and GLONASS receivers,” in Proc.
IEEE Position, Location Navigation Symp., Atlanta, GA, USA, Apr. 1996,
pp- 191-198.

W. L. Myrick, M. D. Zoltowski, and J. S. Goldstein, “Anti-jam space-time
preprocessor for GPS based on multistage nested Wiener filter,” in Proc.
IEEE MILCOM, Atlantic City, NJ, USA, Nov. 1999, pp. 675-681.

M. Sgammini, F. Antreich, L. Kurz, M. Meurer, and T. G. Noll, “Blind
adaptive beamformer based on orthogonal projections for GNSS,” in Proc.
ION GNSS, Nashville, TN, USA, Sep. 2012, pp. 926-935.

J. Capon, “High-resolution frequency-wavenumber spectrum analysis,”
Proc. IEEE, vol. 57, no. 8, pp. 1408-1418, Aug. 1969.

M. Manosas-Caballu, A. L. Swindlehurst, and G. Seco-Granados, ‘“Power-
based capon beamforming: Avoiding the cancellation effects of GNSS
multipath,” Signal Process., vol. 180, Mar. 2021, Art no. 107891.

Authorized licensed use limited to: Universitat Autonoma De Barcelona. Downloaded on September 01,2021 at 21:59:42 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


