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Abstract—Adaptive antenna arrays have shown their
effectiveness and  powerful capabilities in  modern
communication and radar systems. However, maintaining this
effectiveness under conditions of random errors in their
element excitations is the most challenging problem. In this
paper, the degradation in performance, exhibited as the
elevation in the sidelobe level and changing the angular
locations of the desired nulls, due to random errors in the
phase and amplitude of the element excitations is investigated.
First, an efficient constrained optimization approach was used
to synthesize an adaptive linear array. The approach
maximizes the gain in the desired direction and rejects
undesired interfering signals by placing nulls towards their
angles of arrivals. Then, the effects of random amplitude and
phase errors in the element excitations were investigated.
Simulation results showed that the nulls and the sidelobe level
in the adaptive arrays are more sensitive to random errors in
element phase excitations as compared to amplitude
excitations.

Index Terms— Adaptive Antennas; Antenna Arrays; Errors
In Amplitude And Phase Excitations; Null Steering.

I. INTRODUCTION

Performance evaluation of the adaptive antenna arrays under
the influence of various errors in their excitations is an
important topic and a real challenging problem in the current
and future generations of the communication systems in
both military and civilian applications. The adaptive
antennas to be used in such systems must be characterized
by a carefully controlled shape of the radiation pattern, and
by nulls pointing accurately towards the directions of the
interfering signals. The mainbeam shape, angular locations
of the nulls, and the sidelobe level are controlled by
precisely setting the amplitude and phase excitations of each
array element.

In antenna arrays, the null-pointing methods are generally
based on controlling; the amplitude and the phase [1-2], the
amplitude-only [3], the phase-only [4], or position-only [5]
of the array elements. The first method is the most
expensive method considering the cost of the controllers
used for both variable phase shifters and variable attenuators
for each array element. The methods of amplitude-only
control utilize an array of variable attenuators to adjust the
element amplitudes. The phase-only null synthesis method
is attractive since in a phased array, the required controls are
already available for the purpose of main beam scanning [6].
The position-only control needs a mechanical driving
system such as servomotors to move the array elements;

thus, it is complex and costly.

In all of these aforementioned null-pointing methods, the
phase shifters and attenuators are digitally controlled, and
only a finite number of quantized values are available. For
example, a one-bit digital phase shifter produces only two
phase values of 0 and m, while a two-bit digital shifter can
realize four phases of 0, m/2, m, and 3 m/2. Accordingly,
with the use of discrete phase shifters and/or discrete
attenuators, precise control over both amplitudes and phases
is not possible. Therefore, unavoidable deviations (errors) in
the phase and/or amplitude excitations cause some
modifications of the radiation pattern from the desired one
and performance degradations usually arise [7-8].
Accordingly, the nulls in the radiation pattern of the
adaptive arrays may easily depart from the desired locations
and then the degradation in signal-to-noise ratio
performance is inevitable. Also, the accuracy of pointing a
null towards an interfering signal is known to degrade
substantially when considering the effect of mutual coupling
between array elements [9]. Thus, there has been
considerable interest in synthesizing array patterns with
broad nulls [10-14] or extremely low sidelobes [2, 15] so
that they can tolerate these degradations.

In [16], the effect of the frequency fluctuation on the
generated nulls was investigated. A wide null at prescribed
direction was achieved by subtracting a weighted pattern
due to the two edge elements of the array from that of the
original N-element uniform array. The proposed method
provides robustness against frequency fluctuation by
generating wide and deep nulls towards and around the
interference directions.

In this paper, first an efficient approach based on the
constrained optimization algorithm is presented to control
the directionality of a single null or multiple nulls or even
broad-band nulls toward the interfering directions by either
controlling the amplitude-only or the phase-only of the
element excitations. Then, the robustness of the above-
mentioned prescribed nulls in the presence of random
amplitude and phase excitation errors is investigated. The
antenna radiation pattern, the null-pointing accuracy, the
sidelobe level deterioration, and the main beam pointing
accuracy in the presence of random errors in the element
excitations are also investigated. Finally, several general
conclusions are presented, accompanied by graphic displays
of maximum sidelobe levels and null filling versus various
error parameters.
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Il. OPTIMIZATION OF THE LINEAR ARRAYS

Consider a linear array of N=2M isotropic elements at
uniformly spaced locations x4, x5, ..., Xy, these elements are
symmetrically disposed with respect to the origin along the
x-axis and suppose that a harmonic plane wave with
wavelength A is incident from direction 6 and propagates
across the array. The N signal outputs from the array
elements are weighted by the excitation coefficients w, and
summed to give the well-known linear array beam pattern
[17]:

M .
G = Y waeltm (1)
Where u = Bdsinf, g =2n/A, x, = Zn%gn(n) , sgn(n)
represents the signum function, and d is the element spacing.
It is required to determine the weighting vector w, that
optimizes the performance of the corresponding beam
pattern, i.e., to maximize the received signal from the target
direction while the sidelobes are kept below a prescribed
upper bound mask. The problem is formulated as the
determination of w,, such that [17]:

—Re[G (w)] is minimum subject to G(u,) =1 2
and G(u)=0 j=12,..,]

Where u, = Bdsiné,, and 6, is the target direction, and
u; = fdsind;, and 6; are the directions of the interfering
signals. The beam pattern under the conditions in (2) is
constrained to be equal to unity at the target direction
corresponding to 6, and to reject unwanted interfering
signals by placing sharp nulls in the direction of the
interferers. These constraints are not sufficient to suppress
wideband interfering signals. In addition, the wide nulls are
required when the direction of arrival of the unwanted
interfering signals is varying with time or it is not known
exactly. In such cases, a comparatively sharp null has to be
continuously steered to obtain a reasonable value for the
signal-to-noise ratio. Therefore, further constraints for
obtaining wide angular nulling are required to perform the
necessary rejection of the interfering signals. Thus, (2) is
rewritten to take into account a prescribed upper bound
mask that introduces a wide null:

—Re[G(w)] is minimum subject to |G (uy)| < UB(u,) k =
12, .., K

and G(u,) =1 ?3)

where v, is a discrete position in the farfield, and UB is a
nonnegative mask function.

1. SENSITIVITY OF THE ADAPTIVE NULLING

A. The amplitude and phase excitation errors

From the previous section, it is clear that the vector w,
represents complex weights (i.e. amplitudes and phases).
When there are random amplitude and phase errors the nth
element weight will be:

Wy =w,(1+ape’®) n=1,.,N (4)

where a,, is the fractional error in the amplitude weight of

the nth element, and &,, is the error in its phase expressed in
radians. The beam pattern under these error conditions can
be obtained by replacing the weighting vector w,, in (1) with
wy,' of (4), to get:

G'(w) = Zfz_MWnejxnu n Zr:_Mwnanejanernu _
=G +4G(w) (5)

where G(u) and G'(u) are the desired (i.e., error-free beam
pattern) and undesired (i.e. in the presence of errors) beam
patterns respectively, and AG(u) represents the amount of
deviation from the desired beam pattern. For simplicity and
clarity, all elements are assumed to be isotropic radiators, so
that all changes in sidelobe levels are due to random errors
in element excitation. It is also assumed that the errors have
not caused any changes in the locations of the array
elements.

It can be seen from (5) that the effect of the weighting
error is to add an extra term to the array beam pattern. This
term may dominate the sidelobes, which are far from
mainbeam and may therefore seriously degrade the antenna
performance in those regions. When the weighting errors,
i.e., a, and &, are adequately small, which is the case of
practical interest, the second term AG (u) is generally low
and will not cause noticeable changes in the mainbeam.

B. Effect of excitation errors on null accuracy

The main objective of this paper is to study the effect of
the random errors in the weighting vector of the elements on
the null depth and pointing accuracy. This investigation has
not been previously studied to the best of author's
knowledge and is of great importance in evaluating the
performance of the adaptive arrays in the modern wireless
communication systems. It is well-known that the optimum
solution for the system described by (2) can be given by [17-
18]:

_ _ R7's(80)
Wopt = SH(94)R15(6,) ©)

where R is the N-by-N interference-plus-noise correlation
matrix, R™" is the inverse of the R, and w,,, is the N-by-1
optimum complex weights (i.e. in terms of both amplitude a
and phase 0)

Wopr = [a,e/?1, a,e/®, ..., aye/®N]" (7

The N-by-1 steering vector is defined by:

s(6,) = [1, e~ JW=Db]T ©)

e %

Here, the vectors are denoted in bold lower case, and
matrices in bold upper case. If we now consider the random
amplitude and phase errors in each element weight, then (7)
can be rewritten as:

W,opt ) )
= [a, (1 + a)e/ @1t ay (1 + ay)e/@2*02),
ay(1+ ay)e/@n+tom T ©)

where «a,, and §,, are zero mean real random variables with
variances E{aZ2} = 02 and E{82} = o#, respectively. We
also assume that the phase and amplitude errors are
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independent of each other. The phase and amplitude errors
resultin w',,,, deviating from w,,,, by:

Aw=w,,, —w'
opt opt

= [_‘11‘3]:(2)1 (ay +j6y),
_aNewN(aN + 1"

_azejq)z (0[2 +]62), ey
(10)

This deviation will result in an increase in the sidelobe level
as well as errors in null-pointing. When «,, and §,, are small,
one can  further simplify  (10) using the
approximations cos(6,,) = 1, sin(6,) = §,, and a,6, = 0
so that :

|Aw|? = AwHAw = YN_ a2 (a2 + 62) (11)

The expectation of (11) yields:

E{|Aw|?} = E[¥-1 ai (an + 87)] = Xn an(Efan} +
E{67)) = 0§ + 05 (12)

In (12) we scale the weights so that w,,, has a unit norm,
ie, YN a2 =1.

From (12), it can be seen that the mean square of the
weight's deviation E{|Aw|?} is directly proportional to the
mean square of the amplitude excitation errors g2 and the
mean square of the phase excitation errors gZ. This means
that large errors in the amplitude and/or phase excitations
will result in more deviation from the optimal values. Also,
note that the error in the element weight is independent of
the number of array elements.

IV. SIMULATION RESULTS

To evaluate the performance degradation in terms of null-
pointing errors and rising sidelobe level of the linear
adaptive arrays, various computer simulations have been
performed under the condition of random amplitude and
phase errors in the element excitations. In the following, an
adaptive linear antenna array with 20 elements and half-
wavelength element spacing is assumed. The induced errors
in amplitude and phase are real random numbers of zero
mean and rms values as indicated in the following examples.
The error in the amplitude is expressed in relative values (-
1dB corresponds to -11%), while that in the phase is
expressed in absolute degrees.

As the first test example, optimization of an array pattern
with constraints according to (2) is considered. Here, we
assume one target and one interfering signal. The target
direction is 6, = 90°, while the interference direction is
6, = 120°. The error-free pattern is shown in Figure 1 by a
solid black line showing the -40dB constraint of the sidelobe
level. Figure 1 also shows the resulting beam patterns under
various error values in the phase excitation. By comparing
the error-free pattern with the distorted patterns, it is clear
that the error in the phase excitation has caused a little
change in the mainbeam shape, a significant change in the
null position and depth, and a substantial change in the
sidelobe level.

Figure 2 shows the resulting beam patterns of the same
array under various error values in amplitude weights. It can
be seen that the null is slightly departed from its desired
location and the random amplitude errors have a significant
impact on depth of the null. On the other hand, for the small

values of amplitude error, there is no noticeable change in
the mainbeam shape. Moreover, the effect of errors is lower
than those due to the errors in the phase excitations.

The second test example has considered three interfering
signals arriving from the directions; 6, = 45°, 6, = 60°,
and 65 = 140° respectively, while the target direction is the
same as in the previous examples. Figure 3 shows the
resulting beam patterns under various errors in phase
excitation, while Figure 4 shows the resulting beam patterns
under various errors in amplitude excitation. It is clear from
Figure 3 that the random errors in the phase of the weights
result in the filling of the nulls (Here, the depth of the first
null at 8; = 45°%and the third null at 6; = 140° have both
changed from -100 dB to -30 dB, and the depth of the
second null at 8, = 60° has changed from -100 dB to -20
dB). Thus, the adaptive array under such condition is unable
to effectively suppress the interference signals. The filling of
the desired nulls is much lower with the case of random
errors in amplitude. Here, although the angular locations of
the desired nulls at 8, = 45°,6, = 60°,6; = 140° are not
greatly affected, the depth of these nulls has changed from -
100dB to -60 dB, yet they are still low.

In the third test example, the linear array is optimized
according to (3) to provide a pattern that has depression
(wide angular null) of width 20°centered at 140°. The wide
angular null can be introduced by imposing prescribed upper
bound (mask) constraint on the sidelobe level. The mask is
shown in Figure 5 and Figure 6, where the level of the
depression is constrained to be less than -70 dB. For
F0.5dB error in amplitude weights, the level of the
depression is slightly increased to -60dB, whereas +5° error
in phase excitation has increased the level of the depression
to -30dB. From the above test examples, it can be concluded
that the use of amplitude-only control for null steering in
adaptive arrays provides less sensitivity to the random errors
in the element weights.

Next, the depth of the desired null at 120° and the peak
level of the sidelobe are plotted as a function of errors in
amplitude and phase weights (see Figure 7 and Figure 8).
Clearly, the depth of the null and the peak sidelobe are
changing more rapidly under the condition of phase errors as
compared to the case of amplitude errors.

Finally, the effect of random errors in the amplitude and
phase weights is considered. Figure 9 shows the random
variations in the amplitude weights of the array elements,
while Figure 10 shows the random variations in the phase
weights. For comparison, the ideal (error-free) amplitude
and phase weights are also included. Note that these element
weights are corresponding to the array radiation patterns that
are shown in Figure 1 and Figure 2 respectively. From
Figures 9 and 10 and according to (5) and (11), it can be
seen that the higher random errors in the amplitude and/or
phase weights, the larger are the deviations from the error-
free values of the array pattern. Also, the errors on the
amplitude and/or phase weights cause noticeable increasing
in the SLL and all the tunable nulls will depart from their
desired directions.
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Power Pattern (dB)

Figure 3: Effect of random errors in the array phases on the adaptive nulling
for N=20 elements, and three nulls at 45, 60, and 140 deg.
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Figure 1: Effect of random phase errors on the adaptive nulling for N=20
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Figure 6: Effect of random errors in the array amplitude on the adaptive
nulling for N=20 elements, and wide null around 140 deg.
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Figure 7: The depth of the null and the peak sidelobe level versus random
errors in phase excitation.
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V. CONCLUSIONS

It has been shown that the random errors present in the
weights of an adaptive array can degrade its performance.
Performance degradation includes an increase in the
sidelobe level, changing the main-beam shape, null filling
and deportations from desired directions. From the
simulation results, it can be seen that the effect of random
phase errors is substantially greater than that of random
amplitude errors. Moreover, the simulation results have
shown that, if the errors do not take large values, the beam-
pointing error is negligible.

To prevent such a circumstance, the adaptive antenna
arrays must be accurately calibrated before being employed
in the real-world applications. This is especially true for
large phased array space-based radar antennas, for which
anti-jam performance is critical, and no maintenance work
can be done once deployed in orbit.

This study can be further extended to employ an interval
analysis method [19] to precisely predict the deviation in the
null positions and peak sidelobe level.
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