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Direct Deterministic Nulling Techniques for Large
Random Arrays Including Mutual Coupling

Ha Bui-Van™, Valentin Hamaide, Christophe Craeye™, Senior Member, IEEE,

Francois Glineur, and Eloy de Lera Acedo

Abstract— Effective approaches for interference nulling in
large random planar arrays are presented. Starting from the
well-known subtraction technique, it is shown that the sup-
pression is only effective when the mutual coupling is taken
into account. Moreover, for practical antennas with signifi-
cant cross-polarization levels, additional efforts are required to
null interference in both co- and cross-patterns. Alternative
techniques are proposed to efficiently generate null patterns
that are able to suppress interferers from the output of the
beamformer of large arrays. In particular, a technique exploiting
the polarization diversity of modern multiantenna systems is
proposed to effectively suppress a large number of interferers
while offering high sensitivity. Examples related to SKA1-LOW
stations are presented to illustrate the performance of these
techniques. Throughout these examples, the embedded element
patterns obtained using fast full-wave simulation techniques are
exploited to fully account for the effects of mutual coupling.

Index Terms— Antenna arrays, mutual coupling, radio-
frequency interference (RFI) nulling, square kilometer
arrays (SKAs).

I. INTRODUCTION

ODERN communication, imaging, and sensing sys-

tems are designed with large antenna arrays, offering
better capacity, higher resolution, and improved sensitivity.
Examples include future massive MIMO systems [1], weather
radar [2], as well as the next generation of radio tele-
scopes [3], [4]. Those systems increasingly rely on analog
or digital beamforming. The coexistence of these systems,
however, presents an issue to be solved, which is radio-
frequency interference (RFI). The interference, however, is not
limited to man-made radio signal, and it also includes natural
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interfering sources (e.g., the sun and the brightest stars) for
the radio astronomy systems. The interference can be known
in prior and/or be time-varying; their cancellation is hence
subjected to two different procedures, namely, deterministic
and adaptive interference nulling, respectively. There is a
strong interest in deterministic nulling, in case the interference
directions are known, but not the strength of the signal. The
suppression of such interferers is important for applications
such as radio astronomy [3], [4], which will be the main focus
of this paper. As for adaptive nulling, methods, such as the
minimum variance approach, are often implemented [5], but
they will not be discussed here. For wideband beamforming,
the digital approach offers a lot of flexibility through slicing
the bandwidth into many narrow bands.

For known interferers, a beamforming approach [6] can
be exploited to generate a null pattern in the direction of
the RFI, thus filtering out interference from the output signal.
The weights of the beamforming network can be derived either
directly, i.e., in a noniterative way or via optimization methods.
The direct approaches often start from the definition of the
interference subspace [7]-[9]; the weights are then computed
by projecting the signal onto the subspace orthogonal to
the interferer. These techniques quickly offer solutions for
pattern nulling, while the protection of the main beam can be
simultaneously considered, e.g., by using a windowed version
of the steering vector, as discussed in [8]. On the other hand,
the optimization approach considers the nulling goals as a
synthesis problem, where the weights are optimized to sup-
press sidelobes in the directions of interferers, i.e., enforcing
the sidelobe to be smaller than a given threshold within a
given sector. The optimization approach often allows one to
satisfy other constraints, such as minimizing, at the same time
the sidelobe level to fully exploit the degrees of freedom
offered by the weights. Adaptive interference nulling [10],
global optimizations [11], [12], and convex optimization [13]
have been used to effectively suppress the sidelobes. The
optimization approaches, however, are essentially iterative,
which is time-consuming. On large aperture arrays of hundreds
and up to thousands of antennas such as LOFAR [3] or square
kilometer array (SKA) [4], this required computational time
rapidly becomes unaffordable. From this point of view, a direct
approach is more suitable.

However, all above-listed works (related to the direct meth-
ods) have considered antennas as point sources or assumed
antennas to have identical radiation patterns. The solutions,
therefore, do not take into account the different element
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patterns that result from mutual coupling. It has been shown
in [14] and [15] that this simplification leads to quite shallow
nulls, such that interferers are not sufficiently rejected. The
inclusion of mutual coupling in the analysis can be carried
out via the exploitation of the embedded element patterns
(EEPs), which corresponds to the patterns of each element in
the presence of all other, passively terminated, antennas. The
EEPs are increasingly exploited in antenna array optimization
schemes [16]-[19]. Thus, in order to produce deep nulls in the
directions of the RFIs using existing techniques, the EEPs need
to be incorporated. Moreover, the polarization of interferers
can be random even for known sources. It is difficult to track
the polarization of interferers and to align the antennas. Since
practical antennas have significant cross-polarization levels,
the nulling algorithm thus needs to suppress interference
in both polarizations at the same time. This paper presents
a family of new direct techniques to suppress RFI in both
copolarization and cross-polarization patterns while including
the effects of mutual coupling. A general approach is first
derived by forming two sets of orthogonally polarized beams
in the directions of interferers and applying the subtraction
technique to obtain null patterns. A pseudoinverse solution
is then taken, which ensures a minimum variation among
magnitudes of excitations. The technique is applicable to a
wide range of arrays made of single-port or multipolarized
antennas. For modern systems [2]-[4] designed with antennas
having dual or diverse polarizations, an extension is proposed
exploiting the polarization diversity of the array. The extra
degrees of freedom from other polarizations allow one to
effectively generate zero radiation in the RFI directions while
offering high sensitivity. Finally, a simple and yet effective
approach based on the simultaneous construction of the main
beam and nulls is presented. Again, a solution based on the
pseudoinverse approach is obtained for excitation vectors.
It is worth noting that all of these techniques are direct,
as the weighting vectors are obtained through a simple
noniterative procedure.

The remainder of this paper is organized as follows.
In Section II, the deterministic nulling approach is explained.
The subtraction technique, algebraically equivalent to the
orthogonal projection approach, is first presented. Then,
the mutual coupling effect is included by exploiting the infor-
mation contained in the EEPs. Solutions for single- and dual-
polarization pattern nulling are then proposed. In Section III,
numerical examples are shown for the case of the Square
Kilometer Array Low-frequency station (SKA1-LOW) [20]
using the proposed techniques. Several examples, including
pure single-polarization, linear, and dual-polarization arrays
made of SKA log-periodic antennas (SKALAs) [20], are used
to test the proposed techniques. Finally, an extreme case,
where a large number of nulls are created to reject fields from
a whole domain, is discussed. Conclusions and perspectives
are drawn in Section IV.

II. DETERMINISTIC NULLING WITH MUTUAL COUPLING

Three direct approaches for deterministic interference
nulling are detailed in this section. To better understand
the proposed techniques, the subtraction, or orthogonal
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projection approach [8], is first recalled. The solutions to
include mutual coupling are then proposed for single- and
dual-polarized arrays. The following presentation concerns
a single-beam pattern. The method can be applied straight-
forwardly to multibeam arrays. Moreover, the discussion is
considering interferers located outside the main beam. When
interference is within the main beam, other techniques are
more suitable, such as the model-based cancellation [21].

A. Subtraction Technique: Scalar Case

Denoting by y the column vector of received voltages at
antenna ports, the output of the beamformer is obtained as

b=ylw (1)

where w is the column vector of beamformer weights and
T denotes the transpose operation. To filter out the interference
signal from the output of beamformer, one needs to select w,
such that the pattern of the array consists of nulls in the
directions of RFIs [8]. In the following, the derivation of w is
presented based on the subtraction technique while including
mutual coupling.

Let us consider a 2-D array of N elements, in which
element n, located at Cartesian coordinates (xn, yn), is char-
acterized by an EEP f,(0, ¢), whose reference center is at
the position of the element n. 6 is the angle between the
radiation direction and the zenith. ¢ is the azimuth angle
starting from the X-axis. The radiation direction is defined as
(u,v, w) = (sinf cos ¢, sinf sin ¢, cosP). The array pattern,
scanned in direction (0p, ¢g) via an excitation vector wy,
is expressed as

N
FO.8) = fa(0.¢) wo, e /Ktntom, )
n=1
In the following, a simple representation of the array pattern
will be obtained based on matrix-vector products. To this end,
the embedded patterns are first phased-shifted, such that the
reference for the phase corresponds to the center of the array.
Second, the two polarization components are represented by
two scalar quantities. This defines two matrices E? and E9
with as many rows as (@, ¢) directions and as many columns
as antennas, with

EP(m, n) = ﬁl(ein, bm) '&p e_jk("‘xn+l)yn) (3)

an entry (m,n) of EP from the antenna n and direction
(O, ¢m), where a,, is a unit vector representing polarization p
in direction (8,,, ¢,). The EY matrix is defined similarly for
the other polarization. From there, (2) can be rewritten as

F(0,$) = EPwod, + E%wody. )

In this paper, p and g denote the copolarization and
cross polarization, respectively, which could also be vertical/
horizontal or TE/TM polarization patterns, depending on
which of the three Ludwig’s definitions [22] is used.

We start with the scalar field case and then proceed to the
vector case in Section II-B. By scalar, we mean considering
only one polarization component of the pattern, e.g., copolar-
ization pattern, E”. The case of arrays with identical elements,
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Fig. 1. Subtraction approach: the null pattern (Fyesired) i @ result of the
subtraction of the original pattern, Fy, obtained by w and the pattern steered
at null direction Fp using w'.

which neglects mutual coupling, can be cast in the scalar case,
since the isolated pattern is assumed identical for all elements
and can be factored out of (2). Thus, in that case, we need
only the matrix E? to store the phase for each element.

For M known interferer directions, the subtraction tech-
nique [8] is carried out by: 1) generating beams in the direction
of the interference and 2) subtracting a scaled version of the
interferer beams from the original pattern, as shown in Fig. 1.
The nulls are created by imposing

EQ7TH(wo — w¥a) =0 (5)

where E(Q'/") are the rows of E corresponding to the
directions of all interferers Q'/% = (H’f i,gb’f i), and thus,
E(Q'71) has size M x N, w'/% is an N x M matrix with
each column containing coefficients for steering the beam in a
given interferer direction, and « is the M x 1 vector of scaling
coefficient multiplying the patterns in the interferers’ direction.

For the scalar case, E consists of E? only, and the vector a
is then derived as

a = (EP(QHw TH=TEP QT wy. (6)

The resulting weighting vector for the array is then expressed
as

w=wo—w o= — W (EPQTY T TEP(QT))w
(7

where [ is the identity matrix. If M = N, i.e., the number of
RFIs directions is equal to the number of antennas, a trivial
solution of (7) is w = 0. This scenario is, however, avoided
to ensure the quality of the nulls [8] and M « N, i.e., the
number of RFIs is always smaller than the total number of
antennas. Equation (7) can be identified in [8, eq. (2)] for
the case of isotropic radiators or when EEPs are considered
identical, by equating w’/! = V and VH = EP(Q'T"), since
in this case, E” (/") is a matrix containing the phase factors
needed to steer the array in the RFIs directions, which is yH
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in [8]. More generally, (7) accounts for all the effects of mutual
coupling by using EEPs (here for the copolarization).

B. Subtraction Technique With Full Pattern: Vector Case

Practical antennas often have both copolarization and cross-
polarization patterns, where the cross-polar pattern can be
significantly high with respect to the copolar pattern level in
the sidelobe region. To properly suppress the RFI signals, one
needs to generate nulls in both patterns. In other words, twice
as many conditions need to be satisfied, which leads to the
construction of two beams in each RFI direction, with signif-
icantly different polarizations. These beams are characterized
by weight matrices w; and w> of size N x M (one column per
RFI direction), respectively, multiplied by scaling vector o
and o,. Equation (5) written for both polarization patterns,
i.e., vector case, is then

rfi
(v (e wl[2]) =[] @

or
EP(QTHw, _ cceccEP(QQTDwy  EP(Q)wy | [an
E1Q T Hwe |~ | ENQTw E9(Q T Ywy | |az |

€)

In this case, 2M beams are created to suppress M interferers in
each pattern. To ensure the quality of nulls, the two following
conditions need to be satisfied: 1) 2M <« N and 2) the
beams created using wj and w; are sufficiently independent.
The former condition is generally satisfied as modern antenna
arrays often consist of hundreds to thousands of elements as
in the SKA case. The second requirement ensures that (8)
is not ill-conditioned and there are always exact solutions
for o1 and ay.

For arrays made of antennas with a single excitation port,
i.e., providing single linear/circular polarization, a subar-
ray approach can be applied to (9), where two subarrays
are selected forming 2M beams in the M RFIs directions.
In particular, for each RFI direction, following the subtraction
methodology, two beams (weights w1 and w;) with sufficiently
different polarizations are created. Those two beams are cre-
ated using two different subarrays (although those subarrays
could be overlapping, i.e., be partially composed of common
elements). Equation (9) can then be solved directly. The
optimal selection of subarrays (e.g., based on their sensitivity)
is an open subject, which is not addressed in this paper.
A discussion on this approach is presented in Section IV, while
a general solution will be given later.

For modern communication and sensing systems, the arrays
are often made of dual-/multiple-polarized antennas to improve
the performance [2], [4], i.e., each polarization is controlled by
a separate beamforming network or an independent excitation.
Using these antennas, the subarray approach is no longer
necessary. Equivalently, each subarray is made of all radiators
associated with a given excitation. Indeed, for dual-polarized
arrays, one can easily generate two sets of independent beams
steering at RFIs for (9) by setting w; that is equal to
exp(—jk(uix,+v;y,)) for the first excitation (i.e., exciting the
first polarization) and O for the second excitation and w> that is



5872

equal to exp(—jk(u;x, +v;y,)) for the second excitation and
0 for the first excitation, where (u;, v;) describe the directions
of the ith RFIs. These two sets of beams enable one to directly
obtain a1 and ay using (9), a system of 2M equations with
2M unknowns. We name this approach, double-beam sub-
traction (DBS), as two sets of beams have been generated
to eliminate interferers. In general, the two polarizations just
need to be independent (not necessarily orthogonal), and the
patterns can be accurately represented in the polarimetric
sense [26]. The exploitation of polarization diversity allows
one to effectively use the subtraction technique for interference
suppression. For example, the weighting matrices w; and w;
can be predefined so as to protect the main array beam pattern,
e.g., through amplitude tapering or by creating a null in
the subtracted patterns in the direction of the desired main
beam [8].

A more general solution for arrays made of arbitrary anten-
nas can be derived by rewriting (9) as

[EP(Qrfi)i| o] — |:Ep(Qrfi):| (10,1

E9(QF) E9(Qf) (10)

with vector w, = wia; + waaz. Equation (10), although
being trivial, does include the subarray solution as w, is
a combination of any possible (wi, w2). It is worth noting
that EP(Q'/%) and E9(Q'/") are matrices of size M x N,
while w, is an N x 1 vector. Since 2M <« N, (10) is an
underdetermined system of linear equations (i.e., 2M equa-
tions and N unknowns), for which there exists an infinity of
exact solutions. In this case, the least-norm solution obtained
with the Moore—Penrose pseudoinverse [23] is chosen, which
will limit the loss of sensitivity, as explained in Section II-C.
Therefore, we name the approach as the pseudoinverse beam
subtraction (PBS) technique. One can also consider imposing
zero-radiation conditions of the subtracted patterns to protect
the main beam, by simply adding

E? (6o, ¢0) _ 10
[Eq(eo, (/50)} wop] = [0}

to (10), and solving for w,.

(1)

C. Beam Construction Technique

Another approach to impose zero radiation in RFI directions
is proposed in [27] as part of the master’s thesis of one of
the authors. The method was tested with identical element
patterns, although the extension to include mutual coupling is
straightforward and is presented here. The idea is to determine
a steering vector that forms a beam in the desired direction
while zeroing the radiation pattern in all the interferers’
directions at the same time. Mathematically, the equations for
finding the weighting vector are written as follows:

E°(Q0)

E©@Q71) | [w] =
EX(Qrfi)

(12)

S O =

where superscripts ° and X denote the copolarization and

cross-polarization patterns. Here, a normalized pattern is tar-
geted. The first equation implies that the main beam points
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in the direction (Qp), which is imposed only for the copolar-
ization pattern. This approximation is acceptable in most of
the cases as, in the main beam, the copolarization pattern of
the array is often several orders of magnitude greater than the
cross-polarization pattern. At the same time, the rest of (12)
ensures zero patterns in the RFI directions. Again, (12) is an
underdetermined system of equations, with (2M 4+ 1) equations
and N unknowns, where an exact solution is selected using
the Moore—Penrose pseudoinverse. We name the method as the
pseudoinverse beam construction (PBC), since this technique
forms a beam that directly includes nulls in the pattern.

To apply the PBC approach, all EEPs are first normalized,
i.e., multiplied by a constant, such that the sum of the
product of EEPs with the initial weight vector wg gives 1
in the direction of the main beam. This step simplifies the
implementation of PBC and ensures the level of the main beam
in the pointing direction via the first equation of (12).

PBC and PBS approaches, in (10) and (12), respectively,
are found to be similar when substituting we by wo — wp.
However, as (12) does not explicitly use wq as a weighting
vector for the main beam, the solutions are not the same in the
two cases. Especially, when w is amplitude tapered, the main
beam obtained using PBC (12) can be different. In general,
the solution of PBC (12) can only guarantee a correct main
beam pointing direction and null pattern at RFIs. In Section III,
the performance of this PBC approach will be evaluated along
with the other two proposed techniques.

To evaluate the effectiveness of these approaches for the
receiving arrays, the sensitivity loss is considered. We assume
that signals are correlated, while noise sources are uncorre-
lated. The following formula is taken to measure the loss of
sensitivity (this factor is proportional to G/T, the gain over
noise temperature ratio) [24], [25]:

2
‘21]1\;1 w), (13)
N lwal?
where w], = w, exp(—jk(uox + voy)) is the simplified

model for the contribution of antenna n to the output of the
beamformer, for a unit signal incident from the direction of the
scan (ug, vp). L is maximized (equal to 1) when the array is
uniformly excited. Assuming the availability of detailed noise
characterization of the amplifiers, noise coupling between
the antennas could be included [28]. Our numerical tests
indicated that noise coupling does not fundamentally modify
the need for nearly constant weight magnitudes, so that (13)
remains a highly relevant and sufficiently simple criterion. It is
interesting to notice that the Moore—Penrose pseudoinverse
solutions of PBS (10) and PBC (12) minimize ||wlz = ||w’||2,
which consequently maximizes the sensitivity of the
array (13). Indeed, the denominator of (13) is minimized,
while the numerator approximately corresponds to the signal
in the main beam, which is kept constant. Indeed, as long
as nulling is not carried out too close to the main beam,
the numerator of (13) is essentially unaffected during the
nulling process.
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Fig. 2. Position of 256 SKALA antennas in the SKAI1-LOW station,
randomly distributed on a circle of 35 m in diameter with a minimum distance
of 1.35 m.

III. NUMERICAL RESULTS

In this section, the performance of all proposed tech-
niques for interference nulling is numerically studied. First,
the subtraction technique is tested for the case of pure
single polarization, i.e., without cross polarization, to show the
impact of mutual coupling in the null pattern. Then, the solu-
tions from DBS (9), PBS (10), and PBC (12) approaches
are applied to arrays with single- and double-polarization
radiators, considering different interference scenarios. The
performance will be evaluated in terms of the levels of
nulls, the shape of the main beam, as well as the sensitivity
loss. To pose a realistic situation, the SKA1-LOW station is
considered [20]. The station is made of 256 SKALA antennas
(SKALA) [20], randomly distributed over a circle of 35 m in
diameter (see Fig. 2), and is currently underconstruction in
Australia as part of the SKA low-frequency project. To form
the array pattern, the advanced simulation technique named
HARP [15], [29] is exploited to simulate the station and
calculate all the EEPs. Interested readers are referred to [29]
for a detailed description of HARP and its validated perfor-
mance. In the following examples, the station is simulated
at 110 MHz, and the array pattern calculation is accelerated
as presented in [29] using the N-FFT [30]. 110 MHz is a
relatively representative frequency for the SKALA antennas:
on a log scale, the average operational frequency is 132 MHz,
while a somewhat lower value better emphasizes the effects
of (stronger) mutual coupling. To simulate the SKA1-LOW
station and obtain all EEPs, HARP needs less than a
minute on a desktop computer. Reference [29] describes the
detailed performance of HARP and provides many validation
examples.

A. Case 1: Pure Single-Polarization Arrays

The first example concerns the SKA1-LOW station with
only the first excitation set active (for the first polarization),
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Fig. 3. Normalized copolarization pattern in ¢ = 90° cut of the SKA1-LOW
station at 110 MHz: original pattern (solid line) obtained using wq, null pattern
without mutual coupling (dashed—dotted line), and null pattern with mutual
coupling (dashed line). Three interferences at (¢ = 90°; § = —48°, 30°, 50°)
are considered.

and the interferers are in the same polarization as the copo-
larization. Thus, the nulling needs to be performed only on
the copolarization pattern. This is a simplified scenario as,
in general, the polarization of the interferers can be arbitrary.
The assumption, however, enables the implementation of the
subtraction technique presented in Section II-A. The steering
vectors wq and w’/? are obtained by the simple delay-and-sum
technique [24] to scan the beam in the desired direction and
interferences, respectively. The scaling vector o is determined
using (6) in two ways: 1) with the assumption that all element
patterns are identical, i.e., using the isolated pattern, and thus,
o is derived via an array factor and 2) using the EEPs,
i.e., here only the copolarization patterns, to account for
mutual coupling.

Fig. 3 shows the array patterns of the SKAI-LOW station
and the null patterns in the YZ plane (¢ = 90°). Three
interferers are assumed to be in the same plane at (¢ = 90°;
6 = —48°,30°, 50°), i.e., coinciding with three high sidelobes.
It is clear that the coefficients a obtained without mutual
coupling could not suppress these sidelobes, while the one
taking into account mutual coupling via EEPs effectively zeros
the pattern in these directions.

B. Case 2: Arbitrary Polarization of Interferers

The second example considers a general case, where
the directions of interferers are known, but the polarization
can be random. As previously mentioned, a practical
way to reject the RFI signals is to zero the array
pattern in all these RFI directions, i.e., the constraints
are forced on both copolarization and cross-polarization
patterns; therefore, no interference signal appears at
the output of the beamformer. The methods proposed
in Sections II-B and II-C are now applied to this
problem. It is noted that in the following examples, for
the DBS (9) approach, both available excitations of the
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Fig. 4. Normalized array pattern in ¢ = 90° cut of the SKAI-LOW station
at 110 MHz. Null patterns are obtained using different approaches: DBS (9),
PBS (10), and PBC (12), proposed in (9), (10), and (12), respectively.

TABLE I

L-FACTOR OF THE ARRAY WITH INTERFERENCE SUPPRESSION.
SENSITIVITY LOSS (IN dB) ARE IN BRACKETS

Approaches || 3-nulls (II-B)  36-nulls (II-D)  60-nulls (I1I-F)

DBS-(9) 0.995 (0.02) 0.968 (0.14) 0.903 (0.445)
PBS-(10) 0.989 (0.045) 0.89 (0.505) 0.81(0.91)
PBC-(12) 0.963 (0.164) 0.872(0.594) 0.792(1.01)

SKALA antenna are exploited, and the desired beam
is generated by the first excitation (first polarization),
ie.,, wo equals exp(—jk(uox +voy)) for the first
excitation and O for the second excitation, where
(1o, vg) = (sin Gy cos ¢o, sin Gy sin ¢g). The weights (w1, wy)
in (9) are selected, as discussed in Section II-B, to generate the
subtracted beams in the direction of RFIs. For the PBS (10),
and PBC (12) approaches, only the first excitation is exploited.

The directions of the interference sources are the same as
in Section III-A. The results for the three proposed techniques
are shown in Fig. 4. The patterns now effectively exhibit
zeros in all RFI directions, which confirms the performance of
these alternatives. It is also noted that the array pattern is not
significantly altered in the main beam and up to the second
sidelobes using these proposed techniques while considering
mutual coupling. This is of interest for applications such as
the SKA, where accurate information about the main beam is
precious for beam modeling or calibration [31].

The steering vectors obtained using these three approaches
are evaluated in regard to the sensitivity factor L defined
in (13), and the results are reported in the first column
of Table I. DBS (9) provides the best solution, as there is
only 0.02 dB loss in sensitivity thanks to the additional degrees
of freedom provided by the second excitation. PBS (10) offers
good results, while PBC (12) has the lowest performance.
The results are still good, but the loss in sensitivity is increased
from 0.02 to 0.2 dB. To better interpret the data, the obtained
weights using these approaches are plotted in Fig. 5.
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Fig. 5. Magnitude of steering vectors applied to each element of the

SKAI1-LOW station obtained by three approaches: DBS (9), PBS (10), and
PBC (12).
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Fig. 6.  Normalized array pattern in ¢ = 90° cut of the SKA station

at 110 MHz. Similar to Fig. 4 with 1% of uncertainty added to the weighting
vectors.

The weighting vector w calculated using the PBC (12)
approach has the largest variation, while using the DBS (9)
approach leads to the smallest variation, which is reflected
by the calculated sensitivity loss L. These results confirm the
advantage of properly exploiting the polarization diversity of
the array in interference-nulling problems.

The robustness of the obtained solutions is now examined
by adding noise to the weighting vectors. We first introduce
a random 1% perturbation to the calculated weighting vec-
tors w and recalculate the array patterns. Fig. 6 shows the
radiation patterns using w with noise. Apparently, the nulls
have been affected by the variation of weighting vectors.
The rejection, however, is still effective as the level of the
dips in the RFI directions is still near —80 dB. Adding
a quite extreme 10% of uncertainty to the weights w will
raise the dip levels to —60 dB, which is still acceptable in
most applications. From the perspective of the stability of the
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Fig. 7. Normalized array pattern in ¢ = 0° cut of the SKA station scanned

at (6, ¢) = (30°,0°) at 110 MHz with amplitude tapered. The inteferers are
in (0, ¢) = (4°,0°) and (28°, 0°) directions. Null patterns are obtained using
different approaches: DBS (9), PBS (10), and PBC (12), proposed in (9), (10),
and (12), respectively.

solutions, the three proposed techniques perform similarly for
the deterministic interference nulling.

C. Case 3: Scanned and Tapered Array

The proposed techniques are now validated with the scanned
array with amplitude tapering at the same time. The amplitude
of the initial excitation for element 7 is calculated as wq(n) =
1 — (rn/ rmax)2/2, with r, the distance from the antenna n
to the array’s center and rmax the radius of a circle cir-
cumscribing the array, which is 17.5 m for the considered
SKA1-LOW array shown in Fig. 2. Other tapering den-
sities can be applied as well. The tapering selected here
is an example, which is simple, while giving a sidelobe
level below —20 dB (see Fig. 7) with limited sensitivity
loss (about —0.17 dB). The array is phased to scan at
@,¢) = (30°,0°) direction. The proposed nulling tech-
niques are applied to suppress two interferers arriving at two
peak sidelobes, located in the directions (0, ¢) = (4°,0°)
and (28°,0°). Fig. 7 shows that these two RFIs are effec-
tively suppressed, while the main beam is properly scanned.
While the sidelobes obtained using DBS and PBS approaches
marginally change with respect to the original pattern, the
PBC approach produces quite high first and second sidelobes,
with an increase of about 5 dB in the first sidelobe. As we
already mentioned in Section II-C, the weight vector using
the PBC is not constructed based on the knowledge of wo,
and thus, the sidelobe and the shape of the main beam can be
different from those of the original array. The PBC, however,
still effectively suppresses the RFIs and steers the beam. The
DBS and PBS approaches allow maintaining the low sidelobe
level achieved through tapering.

D. Case 4: 36 Randomly Located Interferers

Another example involving a large number of interferers
is considered here, where 36 RFIs are randomly distributed
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in the sidelobe region. The results are shown in Fig. 8, and
the calculated sensitivity loss is detailed in Table 1. All three
approaches effectively zero all the RFI sources, while the main
beams and first few sidelobes are well preserved. The example
confirms that these techniques are able to null simultaneously
multiple interferences.

E. Case 5: Interferers Near the Main Beam

As stated in the beginning, the approaches developed in
this paper are applied to reject the RFI in the sidelobe region.
Interference within the main beam can be dealt with using
other techniques [21]. The RFI sources, however, can be
close to the main beam, i.e., in the first or second sidelobe.
This section analyzes how the proposed techniques perform
in this case and what are their effects on the main beam.
A scenario consisting of two interferers in the ¢ = 90° plane at
(6 = —12°,7°) coinciding with the second and first sidelobes,
respectively, is considered in this example. The three proposed
approaches are applied to suppress these RFIs.

Fig. 9 shows the radiation patterns in the ¢ = 90° plane
of the array before and after nulling. Two interferers are
effectively rejected using the DBS (9), PBS (10), and PBC (12)
approaches. A closer look at the main beam shows that on
the left side of the pattern, § = —12°, the interferer is in
the second sidelobe and the main beam is essentially preserved
after nulling. However, for the right side of the pattern, 8 = 7°,
the interferer is in the first sidelobe, and the subtracted beam
is present in the initial main beam; therefore, the main beam
is slightly affected by all three methods. A possible solution
to preserve the whole main beam in this case is to generate
a cosecant square (cscz) pattern [32], [33] for the subtracted
beam via w'/? weights instead of a pencil or focused beam
pattern. The falling side of the csc? beam is placed in the
main beam of the array, such that the subtraction effect on
the array beam is minimized. This solution is applicable for
the DBS (9) technique as, for DBS (9), the subtracted beam
can be defined in advance. As for PBS (10) and PBC (12),
the weighting vectors are determined using the pseudoinverse
approach, and thus, further constraints need to be imposed to
protect the main beam. Techniques exploiting PBS (10) and/or
PBC (12) while preserving the main beam are an open subject
for future study.

F. Case 6: Regional Nulling

The extension of the previous examples consists in sup-
pressing the signal over a specific continuous region. This
is done here by zeroing the pattern in a sequence of angles
spanning the region. The needed number of discrete angles
is certainly depending on the size of the array through the
resolution of the pattern. It is found that it is not necessary to
null all these angles, as the suppression of a given interference
will lower the signal level of neighboring directions as well.
Thus, the number of actual nulling directions can be selected
sparsely within the region. As a rule of thumb, for a 2-D array
without significant eccentricity, the number of nulls needs to
be of order C(D/2)?Q, where D is the diameter of the array,
Q is the solid angle of the zone to be nulled, and C is a
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Fig. 8. Radiation pattern of the SKA1-LOW station at 110 MHz with 36 random interferences obtained using 3 proposed approaches. The nulls are marked
by white cross, and their levels are below —300 dB. (a) Using DBS (9). (b) Using PBS (10). (c¢) Using PBC (12).
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Fig. 9. Normalized array pattern in ¢ = 90° cut of the SKA1-LOW station
at 110 MHz. Two interferences at (¢ = —12°,7°) in the “quite zone” are
considered using different approaches: DBS (9), PBS (10), and PBC (12),
proposed in (9), (10), and (12), respectively.

constant that increases with the depth of the nulls (e.g., C =5
for null levels of —60 dB). This will often avoid the situation
where twice the number of nulls is greater than the number
of antennas, i.e., N < 2M, and the RFIs are not effectively
suppressed.

In the final example, the interferer is assumed to cover a
solid angle of (@ in [30° 40°]; ¢ in [0° 45°]). The scenario
resembles the interference from an extended source, such
as the sun in the LOFAR or SKA systems. The proposed
approaches are applied to suppress the RFIs at every ¢ = 5°
and & = 2°, which results in 60 directions. Fig. 10 shows
the radiation pattern of the SKA1-LOW station after applying
weights obtained using DBS (9). Even when only 60 nulls are
enforced, the suppression is effective for the predefined region
with the highest level of radiation in the region below —70 dB
with respect to the main beam. A similar performance has been
obtained using PBS (10) or PBC (12), which is not shown here.
The L factor in (13) for the weighting vectors obtained using
these approaches is reported in Table 1.

o
(=]
[dB]

Fig. 10.
applying weights obtained using DBS (9) for regional nulling: a wide-angle
nulling with € in [30° 40°]; ¢ in [0° 45°]: 60 nulls. All directions with levels
lower than —65 dB are zeroed (white area).

Radiation pattern of the SKAI-LOW station at 110 MHz after

IV. DISCUSSION AND PERSPECTIVES

In this paper, the deterministic nulling problem has been
addressed. It was shown that mutual coupling needs to be
taken into account in order to properly suppress the interferers.
This is done in this paper via the use of EEPs obtained
using a fast full-wave simulation technique. For realistic anten-
nas, three different approaches were proposed to effectively
generate null patterns on both copolarization and cross
polarization:

1) the DBS (9);

2) the PBS (10);

3) the PBC (12).

These techniques have been tested and have shown an excel-
lent performance for the case study of the SKA1-LOW tele-
scope station.

In particular, PBS and PBC provide quite similar perfor-
mance (PBS has about 0.1 dB higher sensitivity than PBC in
all tested cases). As discussed earlier, PBC might not be able to
preserve the main beam pattern or the sidelobes of the original
pattern [27], especially when the original pattern produced
using wq is amplitude-tapered. PBC has its own advan-
tages, such as correctly pointing the main beam and properly
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suppressing a large number of interferers, as shown in [27].
The PBC method, therefore, can be used in applications when
one just needs to suppress the RFI with less emphasis on the
shape of the main lobe, such as in the upcoming massive-
MIMO technology or modern radar systems. While PBS is
a more general method, it is applicable for any array with
single or multiple polarizations.

The DBS method is the most efficient and flexible one,
providing the best solution in terms of sensitivity, assuming
that the array possesses two independent polarizations, which
is popular nowadays. DBS effectively exploits the polarization
diversity to offer several benefits such as a better control of
the array beam, as was the case for the subtraction technique
when applied to the array factor [8]. Both PBS and DBS
can be of interest for applications such as SKA or LOFAR,
where the accurate main beams need to be protected. It is
worth noting that in all these examples, the coefficients
and weighting vectors are efficiently obtained through direct
solutions of linear systems of equations that scale with
the number of elements. In addition, mutual coupling is
taken into account using the EEPs, which allows accurately
enforcing the zero pattern in both copolarization and cross
polarization.

A topic for future study would be the integration of different
synthesis techniques in the PBS, DBS, or PBC approach
to better preserve the main beam. One can also consider
the subarray approach to generate independent beams point-
ing to the interferers for the single-polarization case in (9),
i.e., using a subarray to form a beam at the RFI directions.
In this way, the DBS could be directly applied to the single-
polarization case. The authors’ first efforts showed that the
subarray approach with DBS is applicable to this problem.
However, the weighting vector is quite different in different
subarrays, leading to a high loss of sensitivity, meaning
that the variance of weights is not minimized. An optimal
selection of the subarrays appears as a subject for further
research.
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