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The object of the study is the process of adapting
a multi-channel correlation sidelobe canceller to work in
conditions of radio-electronic countermeasures based on
the Gram-Schmidt orthogonalization procedure. The pro-
posed approach allows developing a fast, recursive algo-
rithm for searching for optimal values of weight coefficients.
Such an algorithm will ensure fast adaptation of the sidelobe
canceller to a complex interference-target situation, which
can change rapidly. The obtained result of the coefficient of
suppression of active noise interference in a constant value
approaches the optimal value determined by the Wiener-
Hopf equation, which indicates the effectiveness of the pro-
posed approach.

By using the Gram-Schmidt orthogonalization proce-
dure, it was possible to obtain high stability of the proce-
dures for calculating the optimal values of weight coeffi-
cients, in contrast to other considered approaches. The
proposed approach can be practically implemented in exist-
ing radar systems for suppressing active noise interference.

During the study, it was found that the adaptive
multi-channel correlation sidelobe canceller in a steady-
state mode works similarly to adaptive phased antenna
arrays — it has the same efficiency in spatial signal selec-
tion and in compensation of active noise interference.

When suppressing four active noise interference, the
suppression coefficient is —23.35 dB. With anincrease in the
number of interferences at the input of the four-channel side-
lobe canceller, the suppression level deteriorates rapidly.
With five, six, seven, eight interferences — —22.90 dB,
—21.54dB, —20dB, —17.02 dB, respectively. Such chang-
es are due to the number of active interferences, which is
greater than the number of compensation channels
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1. Introduction

The modern development of electronic countermeasure
systems has created a threat of the formation of a complex and
dynamic interference-target environment, which jeopardizes
the effectiveness of modern radars. In military and civilian
applications, radars encounter active noise interference (ANT),
created both intentionally and unintentionally (by contamina-
tion of the radio frequency space). Electronic countermeasure
systems are capable of rapidly changing the types and para-
meters of active interference. Therefore, modern radars must be
able to adapt in real time to changes in the interference-target
environment in order to ensure high efficiency of detection,
accuracy and tracking of targets. The task of compensating for
active interference is performed by an adaptive antenna array
or a multi-channel correlation sidelobe canceller (SLC). Due to
the high computational resource consumption of antenna array
adaptation, an acute issue arises in the development of fast
methods for compensating for active interference. Therefore,
research aimed at developing new algorithms for rapid adap-
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tation of the sidelobe canceller to the interference-target envi-
ronment with high dynamics of changes is extremely relevant.

2. Literature review and problem statement

The problem of low speed of the sidelobe canceller inter-
ference adaptation algorithm is outlined in [1]. The proposed
operation of the correlation SLC based on the stochastic
gradient adaptation algorithm. Although the algorithm itself
is simple, the main drawback is the strong dependence of the
speed on the number, location and intensity of interference
sources. The above conditions form the input data on which
the initial vector of the sidelobe canceller weight coefficient
values depends. In [2], the author investigates their influence
on the speed of the SLC adaptation algorithm and shows that
there is a best-formed vector of weight coefficient values. But
the issue of forming such a vector remains unresolved.

Therefore, in the study [3], another approach to finding
optimal values of the SLC tuning coefficients is proposed.




However, the non-recursive algorithm used requires a large
amount of input data and complex calculations, which leads
to an increase in the adaptation time. An option to overcome
these difficulties may be to reduce the order of complexity
of the calculation. This approach is used in [4] due to signal
segmentation. However, this solution did not affect the re-
duction of the adaptation time of the sidelobe canceller. The
reason for this is the fundamental need to accumulate a large
amount of input data. A simplified adaptation algorithm is
shown in [5]. The author proposes to introduce signal delay
elements into each compensation channel. Indeed, this ap-
proach is simpler and does not increase the number of calcu-
lations, but the adaptation speed remains low.

The solution may be to improve the sidelobe canceller
based on the Opelbaum method [6]. This is done by replacing
the procedure for determining the correlation coefficients
by the low-pass filter in the inverse correlation loop circuit.
To determine the optimal values of the low-pass filter coeffi-
cients, the author proposes to use a homogeneous first-order
differential equation. However, the disadvantage of this ap-
proach is the need to solve a system of differential equations,
the number of which is equal to the number of compensation
channels. In turn, this approach requires complex calcula-
tions. A new approach in [7] may be proposed as an option
for solving the problem. The main idea is to subtract the
complex corrected signals in the channels from the part of
the main channel signal that is divided between the compen-
sation channels. Indeed, this allows solving the differential
equations independently. However, as a result of using the
average value of the interference to adjust each compensa-
tion channel, some of them will be much worse compensated.

All this gives grounds to argue that it is advisable to
conduct research to solve the problem of increasing the
adaptation speed of sidelobe cancellers by developing new,
fast, recursive algorithms for searching for optimal values of
weight coefficients.

3. The aim and objectives of the study

The aim of the study is the rapid adaptation of a multi-
channel active interference sidelobe canceller by developing
amethod for determining optimal weight coefficients based
on the Gram-Schmidt orthogonalization procedure. The ob-
tained method will provide tuning of the sidelobe canceller
in real time using recurrent algorithms that require minimal
computational costs.

To achieve the aim, the following objectives are expected
to be performed:

—to formulate a criterion for the optimality of calcu-
lating the values of weight coefficients based on the results
of studying the operation of the mathematical model of the
sidelobe canceller in the adaptation process;

— to determine approaches to applying the Gram-Schmidt
procedure to solve the problem of optimal determination of
the sidelobe canceller coefficients;

— to simulate the operation of a 4-channel sidelobe can-
celler in a complex interference-target environment.

4. Materials and methods

The object of the study is the process of adapting the
sidelobe canceller in electronic warfare conditions.

A comparative analysis of existing approaches to SLC
adaptation in terms of computational complexity and com-
puting power was conducted.

The method of decomposition of the structural diagram
of the sidelobe canceller [8], shown in Fig. 1, was applied.
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Fig. 1. Structural diagram of an adaptive multi-channel
correlation sidelobe canceller [8]

Based on the analysis of the structure, it is hypothesized
that to solve the problem of fast adaptation of the sidelobe
canceller, signal processing and determination of the weight
coefficients of the compensation channels must be carried out
in an N-dimensional linear space.

The assumption is made that the dimension of the
space N is equal to the number of compensation channels
plus one (the main channel of the sidelobe canceller).

To construct a linear N-dimensional space, instead of us-
ing orthogonal trigonometric functions or orthogonal poly-
nomials, a simplification is made that the basis of the space is
built on the basis of the vectors of the received signals in the
compensation channels and the signal at the output of the
sidelobe canceller. The orthogonality of the basis vectors is
ensured by the Gram-Schmidt procedure, for the implemen-
tation of which the recurrent least squares method is used.

The study of the effectiveness of the proposed approach
was carried out on the basis of digital modeling of the SLC
operation, according to the model of a complex interfe-
rence-target situation in the environment of special software
MATLAB Online (USA).

5. Results of the study of the adaptation of the sidelobe
canceller to a complex interference-target situation

3. 1. The criterion for the optimality of calculating the
values of weight coefficients based on the mathematical
model of the sidelobe canceller in the adaptation process

According to the results of the structural analysis of the
scheme presented in Fig. 1, and the modeling of the SLC
operation, it was determined that the antennas of the com-
pensation channels can be individual elements of the phased
array (PA) or special (additional) antennas that are fixed on
the corresponding sides of the antenna array. Thus, when
building the SLC, there is no need to interfere with the de-
sign of the PA or other radar antenna system.



The number of compensation channels N is determined by
the number of ANT sources [9], which are likely to affect the
operation of the radar. The signal at the SLC output [7, 1]:

Uy () =Y, (6)+ Ui (¢)- W (2), ¢y

where Y, (¢) - the main channel for receiving a signal from the ra-
darantenna; U, (¢)={U, (¢),U, (¢),U,(¢),...,Uy (¢)}" - the vector
of signals received in N-channels of interference compensation;
W(t):{W1 (t),V[/',Z(t),W3 (t),...,WN(t)}T — the vector of weight-
ing coefficients in N-channels of interference compensation.
During the SLC operation, the values of the weighting coef-
ficients W are calculated based on the correlation of the new
values of the signals at the SLC output and the compensation
channels. As can be seen from Fig. 1, integrators are used in
each feedback loop of the SLC. Then, the change in the values
of the weighting coefficients W can be described by a first-order

differential equation [9]:
dw T

T W(0)= !U; (t)-Uy (¢)de, 2)

where T — the SLC adaptation time; W(0) — the vector of the
initial values of the weighting coefficients in each compensa-
tion channel; * — the complex conjugation operation.

The mathematical model of the SLC showed that the effec-
tiveness of radar protection against ANI depends on the calcu-
lated weighting coefficients W in the compensation channels.
The main goals of the SLC adaptation are to determine the
optimal values of the weight coefficients, at which the greatest
suppression of the ANT will be ensured. Upon completion of
the adaptation time T, the constant value of the weight coeffi-
cient vector Wy, will be determined by the formula:

W, =—(U,.U,), 3)

where U % U jU t)d¢ — the scalar product of the

vectors U, Uy [10].

The content of equation (3) shows that after the adapta-
tion is completed, the vectors U,, Uy will be orthogonal. There
is no correlation between the signal at the SLC output and
the compensation channels, the signals are decorrelated. As
a result, the ANI signals at the SLC output are compensated.

Thus, the criterion for optimal adaptation of the SLC is
formulated — the level of orthogonality of the vector of inter-
ference signals in the compensation channels and the signal
vector at the SLC output:

(U,.U;)=0. 4)

Unlike the gradient and quasi-Newton methods [1] of
optimal search for sidelobe canceller coefficients, the appli-
cation of criterion (4) allowed solving the optimal adapta-
tion problem without using systems of partial differential
equations. The solution of the optimal problem within the
framework of the matrix algebra apparatus based on simpler
and faster procedures and algorithms is proposed.

5. 2. Determination of approaches to the application of
the Gram-Schmidt procedure to solve the problem of op-
timal determination of the sidelobe canceller coefficients

To determine the analytical expression for calculating the
vector of weight coefficients of the compensation channels

of the SLC, the scalar product (3) and criterion (4) are con-
sidered, then:

W, =(ULUs),
(U,.U,)=0,

UY,+UUW, =0,

opt

U, (Y, +UkW,,, )=

opt

ULULW,, = ~UiYy W,, =,
Ry
-W, u/op{ _ Ry )
Ry
W, = R[;;RYK’ ®)

where R, =U, Uy — the correlation matrix of signals in the
active interference compensation channels; Ryx =UxY, — the
correlation vector of signals in the main channel and active
interference compensation channels.

Expression (5) is the well-known Wiener-Hopf equation
for determining the optimal weight coefficients of adaptive
PA [8, 11]. It is concluded that the adaptive multi-channel cor-
relation sidelobe canceller of the ANI, after the completion of
adaptation and determination of the optimal weight coefficients
of the compensation channels, works similarly to adaptive PAs.

Such an SLC, when compensating for the ANI, has the same
efficiency as the adaptive PA in spatial signal selection [8].

To assess the SLC efficiency, depending on the level of
achieved signal decorrelation (4), the previous structural
scheme of the SLC was modified and it is possible to obtain
anew scheme, presented in Fig. 2.

Compared to the diagram in Fig. 1, the common coeffi-
cient "—1", of the feedback loop, is transferred to each com-
pensation channel. The ANT signals in the main channel and
compensation channels are the same:

Y, (6)=U,(t)+U,(¢)+U,(t)+...+U, (¢). (6)
Expression (6) is formulated in vector form:

Yy (6)=U, () 1+ U, (£)- 1+ U4 (¢)1+...+ U, (¢)1,

3
Y, =Ugl, (7
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Fig. 2. Modified structural diagram of adaptive multi-channel
correlation sidelobe canceller



Substituting (6) into (1) and obtaining the signal at the
SLC output:

(U,()+U,(¢)+ U, (£)+..+Uy (1) -

t)

(6)- Wi(0)= U, (0)- W (0) -

3(0)- Wy (0) == Uy (6) Wy (1) =

Us (£)=U,(0)- (1 WL (0)+ U, (2)-(1- W, (2)) +

(
+ U, (0)-(1=W, (2))+...+ Uy (¢)-(1- Wy (2)). (8)

):

-U
-U

U

According to formula (3), the value of the weighting
coefficients in the steady state approaches the value of the
correlation coefficient between the interference signal at the
SLC output and the signal in the compensation channel, then
the parameter d; — the decorrelation index of the two corre-
sponding signals:

4 -1-W(), ©
and the vector of decorrelation indices:

D={d,d,d,,...dy}.

Taking into account expressions (9) and (10), equa-
tion (8) is obtained in vector form:

(10)

U,=U;D (11)

The total suppression coefficient of active interference
signals in the SLC:

K=10-10g£,

out

(12)

where P;, — the total power of active interference signals in
the main channel; P,,, — the total power of active interference
signals at the SLC output.

Then, from expression (7), the input power will be equal to:
P, =Y}

in

= U£UK

=(Ul1) =ULI-U I =

A'1=U, (13)

and the output power of the sidelobe canceller is determined
from expression (11):

P,=U.=U;Dy=U;DU,D" =
=UU,DD"=U.D". (14)

Substituting (13) and (14) into expression (12), let’s
obtain:

UZ
=10-1
U.D? Og

K

K=10-log—%~ (15)

Analysis of equation (15) shows that the value of the ac-
tive interference suppression coefficient is determined by the
level of decorrelation of the ANI signals at the SLC output
and the signals in the compensation channels, and by fulfill-
ing the criterion presented in expression (4).

The task of SLC adaptation is to determine the optimal
values of the weighting coefficients W; for each compensation
channel. The main indicator of the adaptation process is the

speed of the W; determination algorithms. Several common
approaches to solving the problem are known [1]:

— correlation sidelobe cancellers of interference based on
stochastic gradient adaptation algorithms;

— quasi-Newton adaptation algorithms based on maxi-
mum likelihood estimates of correlation matrices of Gaussian
interference;

— quasi-Newton adaptation algorithms based on regula-
rized varieties of maximum likelihood estimates of correla-
tion matrices;

— adaptive multi-stage lattice filters based on factorized
representations of matrices, inverse correlation matrices of
Gaussian noise, or their approximations.

For SLC adaptation, it is proposed to apply the Gram-
Schmidt orthogonalization procedure [12], which will ensure
compliance with the optimization criterion (4).

The set of vectors of discrete K — signal samples at the
SLC input will have the following form:

= Yo={y(1), y(2), y(3),..., y(K)} — the vector of discrete
signal samples in the main SLC channel;

= Uy={uy (1), u1(2), u1(3),..., u1(K)} — the vector of dis-
crete signal samples in the 1st SLC compensation channel;

= Us={us(1), us(2), us(3),..., us(K)} — the vector of dis-
crete signal samples in the 2nd SLC compensation channel;

— Un={un(1), un(2), un(3),..., un(K)} — the vector of dis-
crete signal samples in the N-th SLC compensation channel.

Using the Gram-Schmidt orthogonalization procedure,
let’s construct a set of orthogonal vectors:

YOL7U1L7U2L""’UNL’ (16)
where L — the sign of the vector orthogonalization with re-
spect to other vectors.

At the SLC output, a vector is obtained in which the ANT
signals will be suppressed by a certain value according to
formula (15).

In contrast to the SLC structure specified in [8], it is
proposed to apply a new structure of the sidelobe canceller,
Fig. 3[12]. Such a structure will provide recursive paral-
lel-serial decorrelation of ANI signals in accordance with the
orthogonalization condition (4), and will have high stability
of the calculation procedures.
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Fig. 3. Structural diagram of an adaptive 4-channel
correlation sidelobe canceller based on the Gram-Schmidt
procedure

The SLC scheme (Fig. 3) is built from unified B blocks
with two inputs [12], in which the decorrelation procedure



of two input signals takes place. The determination of the
weighting coefficients B;; is carried out on the basis of the
recurrent least squares method (LSM) and does not require
rotation of high-order correlation matrices (CM) [13].

5. 3. Modeling the operation of a four-channel sidelobe
canceller in a complex interference-target environment

The operation of a 4-channel SLC was simulated in two
stages. The simulation results will be compared with the op-
timal values of ANI suppression, which is determined by the
Winner-Hopf equation (5).

A model of an interference-target environment in which
the ANI radiation powers will be the same, and the bearings
to the interference sources have different values, has been
formed. The value of the active noise interference power was
chosen to be 25 W, with a normal (Gaussian) distribution law
of the random variable.

The first stage of modeling was carried out in accordance
with the parameters given in Table 1. Fig. 4 presents the
results of the sidelobe canceller operation, where the red line
indicates the optimal value of the ANT suppression coefficient
according to the Wiener-Hopf equation, and the blue line
indicates the achieved value of the suppression coefficient.
The parameter for assessing the SLC effectiveness, during the
modeling, was the interference suppression coefficient.

The value of the ANI total suppression coefficient in the
4-channel SLC is given in Table 1.

Analysis of the simulation results at the first stage showed
that the SLC adaptation to the interference-target situation
occurs in real time. The constant value of the suppression
coefficient approaches the optimal values determined by the
Wiener-Hopf equation (5) in less than a hundred iterations.
This, in turn, shows the SLC efficiency and the speed of ad-
aptation based on the proposed method.
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Fig. 4. Results of operation simulation of a 4-channel correlation sidelobe canceller:
a — one source of interference; b — two sources of interference; ¢ — three sources of interference;
d— four sources of interference
Table 1
Parameters of the SLC model at the first stage
Number of ANT sources Bearing to ANI source, degree Suppression coefficient, dB
1 -7 -26.38
2 -7,8 -27.98
3 -7,8,15 -24.06
4 -13,-7,8,15 -23.35




When the number of interferences increases to four,
the suppression coefficient deteriorates by 3.03 dB. The
optimal condition for the ratio of the SLC efficiency and
the cost of computing resources is the correspondence of
the number of ANT sources to the number of compensation
channels. Under this condition, the ANI suppression coeffi-
cient is —23.35 dB.

The second stage of simulation was carried out for a more
complex interference-target situation, in accordance with the
parameters given in Table 2. The result of the sidelobe can-
celler operation is presented in Fig. 5, where the red line in-
dicates the optimal value of the ANT suppression coefficient
according to the Wiener-Hopf equation, and the blue line
indicates the achieved value of the suppression coefficient.

The value of the ANI total suppression coefficient in the
4-channel SLC is given in Table 2.

After 150—200 iterations, the value of the suppression
coefficient approaches the optimal values. The number of
required adaptation iterations is twice as large. This change
is due to the larger number of sources of active-noise in-
terference, in which the optimal condition for the ratio of
the SLC efficiency and the cost of computing resources is
not met. With an increase in the number of interferences,
the value of the ANI total suppression coefficient rapidly
decreases, Table 2.

In such an interference-target situation, the SLC will not
provide a sufficient level of suppression, so the radar will not
be able to work effectively.
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Fig. 5. Results of operation simulation of a 4-channel correlation sidelobe canceller:
a — five sources of interference; b — six sources of interference; ¢ — seven sources of interference;
d — eight sources of interference
Table 2
Parameters of the SLC model at the second stage
Number of ANT sources Bearing to ANI source, degree Suppression coefficient, dB
5 -13,-7,8,15,20 -22.90
6 -17,-13,-7,8, 15,20 —21.54
7 -17,-13, -7, 8, 15, 20, 27 —-20.00
8 -33,-17,-13,-7, 8§, 15, 20, 27 -17.02




6. Discussion of the results of the development of
a method for determining optimal weighting coefficients
for sidelobe canceller adaptation

In the process of analyzing the mathematical model of the
correlation sidelobe canceller, it was revealed that it is possible
to apply the criterion for determining optimal weighting coeffi-
cients in the form of orthogonalization of the interference signal
vectors at the SLC output and compensation channels (4). The
use of such a criterion allowed to form a new approach, in which,
unlike the classical analysis of the correlation coefficients of
interference signals, the optimization problem is solved on the
basis of the decorrelation indices of the corresponding signals.

When formulating analytical expressions for calculating
the optimal coefficients, it was shown that the obtained formu-
las are similar to the Wiener-Hopf equation (5). This equation
is obtained on the basis of the criterion of the minimum square
of the error and is used for the adaptation of phased array an-
tennas. Thus, the proposed adaptation approach according to
criterion (4) shows that the SLC after the adaptation process
has the same efficiency and works similarly to adaptive PAs, in
spatial signal processing and suppression of ANI signals.

Unlike the SLC classical structural scheme (Fig. 1),
a modification of the scheme is proposed, where the general
coefficient "—1" is transferred to each channel (Fig. 2). This
allowed to build a matrix model of the SLC operation, which
confirmed the dependence of the active interference suppres-
sion coefficient on the decorrelation indices (15).

A feature of the proposed approach to adaptation, in con-
trast to studies [1, 2] in which gradient algorithms are used, is
the rejection of algorithms for searching for optimal values of
weight coefficients for individual SLC channels. This approach
required the construction of a new sidelobe canceller struc-
ture (Fig. 3). Unlike the known schemes [3], the feature of the
proposed one is the absence of the concept of "compensation
channel weight coefficient" as such. In the process of recursive
adaptation, partial weight coefficients are calculated in unified
blocks B for the entire SLC scheme. The use of the Gram-
Schmidt procedure allows to immediately achieve orthogo-
nality of signal vectors, i.e., to compensate for interference at
the SLC output. This feature allowed to provide an order of
magnitude faster SLC adaptation (Fig. 4) to the interference-
target situation compared to the results presented in [1].

When analyzing the SLC effectiveness in different con-
ditions, a number of limitations were identified. First, for
effective operation, the interference signal should not cor-
relate with the radar signal. Second, effective suppression of
active interference occurs when the number of compensation
channels is greater than or equal to the number of AS sources.

The disadvantage of the developed structure is a longer
adaptation time of the sidelobe canceller when interacting
with a single interference source, compared to the result
given in [1]. In the future, this drawback can be eliminated
by using digital devices designed for parallel data processing.

The development of this research will be the organization
of spatio-temporal signal processing for joint compensation
of active and passive interference based on the same optimi-

zation criterion (4) and the application of the Gram-Schmidt
orthogonalization procedure.

7. Conclusions

1. In contrast to known approaches based on determining
the correlation index between signals in the SLC channels,
an adaptation approach based on signal decorrelation is pro-
posed. An optimality criterion for solving the SLC adaptation
problem is formed — the level of orthogonality of the interfe-
rence signal vectors in the compensation channels and the
signal vector at its output. This allowed developing a simple
and fast algorithm for searching for optimal coefficient values.

2. It is shown that the active interference suppression co-
efficient is inversely proportional to the level of decorrelation
of the ANI signals at the SLC output and input. In the side-
lobe canceller based on Gram-Schmidt orthogonalization, in
contrast to known schemes in which weighting coefficients
are calculated for each compensation channel, partial adapta-
tion weighting coefficients are calculated as a whole. An in-
crease in the SLC adaptation speed is ensured by organizing
parallel-sequential calculation of partial weighting coeffi-
cients. Under the conditions of two ANI sources, the adapta-
tion speed of the developed SLC is 6.5 times higher compared
to the presented results [1] under similar conditions.

3. The optimal condition for the ratio of SLC efficiency and
computational resource costs is the correspondence of the num-
ber of ANI sources to the number of compensation channels. Un-
der this condition, the ANT suppression coefficient is — 23.35 dB.
With an increase in the number of interferences, the value of the
total ANT suppression coefficient rapidly decreases to the level
of —17.02 dB with eight ANI sources.
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