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ABSTRACT In the equivalent frequency-based model, the antenna array gain is utilised to characterise the
frequency response of the beam squint effect generated by the antenna array. This impact is considered for
a wide range of uniform linear array (ULA) and uniform planar array (UPA) designs, including those with
and without tapering configurations. For a closer look at how the frequency response of the array adapts to
the variations in the incidence angle of the signal, the bandwidth of the spectrum is varied and investigated.
To study this effect, we have considered using the gain array response as an equivalent channel model in
our approach. Beam squinting caused by distortion in the frequency response gain can be verified by one of
two equalisers: a zero-forcing (ZF) equaliser or a minimum mean square error (MMSE) equaliser. Different
cases with their analysis and results are studied and compared in terms of coded and uncoded modulations.

INDEX TERMS Equaliser, minimal mean square error, uniform linear array, uniform planar array.

I. INTRODUCTION
The data rate at 4G LTE systems is limited to a certain level
in wireless communications thereby the need to introduce
the next generation 5G cellular communications that would
provide a higher data rate compared to the current LTE spec-
trum [1]. The introduction of a new radio spectrum is required
to achieve a higher data rate in cellular communications. A
potential millimetre wave band could be used for 5G or mul-
tiple bands can be integrated and/or aggregated [2]. However,
the millimetre wave signal is significantly affected by a high
path loss which is typically assumed to be 20 dB or more [3].
This kind of attenuation can be offset, rectified, or com-
pensated by using many or a large number of antennas
with phased-array beamforming technology. These array
structures result from fewer wavelengths and can be deployed
in several mobile applications [4]. Ideally, a phase shifter in
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the phased array should have the same phase shift for the
given frequencies within the spectrum band of considerations
(51, [6], [7].

Whenever the signal bandwidth is very small, a time delay
will be relatively approximate to a phase shift. However, if the
broadside is far away from the angle of arrival (AOA) or angle
of departure (AOD) for a signal with a larger bandwidth,
phase shifters may have different time delays for different fre-
quencies, and the narrowband approximation degrades and/or
breakdown. This will result in the array response varying over
frequencies and their beams other than the carrier ““squint”,
as a function of frequency [6], and it is called beam squint
[7]. For either AOA or AOD, beam squint clearly introduces
array gain and phase variations over frequency [8], as well as
reducing channel capacity [9]. The number of antennas in the
array as well as the bandwidth can increase the effect of beam
squint [8].

The beam squint, also known as a variation in steering
angle against frequency, is brought on by a phase shift that
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is approximately equivalent to a time delay. This issue is
not present when beam steering is implemented using units
that display a true-time delay [10]. The spatial wideband
effect [11], [12] is what happens when you combine a high
bandwidth with a large number of antennas. This generates
a non-negligible propagation delay across the aperture of
the antenna array in time-domain sample periods, which in
turn, induces beam squint in the frequency domain [13].
Many research studies have been conducted to reduce and/or
eliminate beam squint, including true time delay [14]. On
the other hand, significant insertion loss, excessive power
consumption, high implementation cost, and large hardware
size in such approaches are not applicable to mobile wireless
communications [8], [14]. True-time delay may be included
in the digital signal processor (DSP) logic as well as the digi-
tal beamforming algorithms when using digital beamforming.
Because of this, a phased array design, in which every ele-
ment is digitalized, would lend itself readily to overcoming
the beam squint issue, while giving the greatest amount of
programmable flexibility simultaneously [10].

The power requirements, physical dimensions and cost of
such systems may all be problematic. To offset and/or com-
pensate for a higher path loss and to achieve higher directional
gain, beamforming is employed in millimetre wave bands [4],
[16]. However, the short wavelength of a millimetre wave
allows the integration of a large number of antennas into a
small phased array, which is applicable in mobile devices.
There are three modes of arrangement for millimetre wave
beamforming, which include analogue, hybrid, and digital
beamforming. The following solutions to this problem can
be proposed:

« Analogue beamforming is supported by Equalizer to fix
the frequency dependency of the array gain.

o In addition to the point made above, we will test
various coding techniques to improve the bit error
rate (BER) caused by the squint effects. These are
different solutions that can be considered for this
problem.

These, in our opinion, have the potential to give some natural
beam squint reduction that should be taken into consideration.
Beam squint is only subject to the subarray, which has a
much wider beamwidth, so it is more tolerant to a beam angle
deviation within the analogue beamforming. This effect can
partially be reduced when hybrid beamforming architecture is
implemented with phase shifters in the subarrays followed by
true time delay in the digital beamforming [10]. Beam squint
is defined as a deviation in steering angle versus frequency
and is caused by an approximate frequency-dependent phase
steering angle of the incident beam on the array. This issue
is not present when true-time delay units are used for the
implementation of beam steering. In this study, we strongly
aimed to keep costs low, and one way we achieve this is
by considering analogue beamforming techniques that just
include phase shifters.

In most cases, this boils down to the ease of design and
availability of integrated circuits for phase shifters versus
time delays. Transmission lines of some examples are used
to implement time delays, and the aperture size plays a role
in determining the overall amount of delay that is required.
However, there are families of true-time delay integrated
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FIGURE 2. The normalised frequency gain response for various numbers
of elements, and incident angles 6 = 60° and ¢ = 50° (a) ULA and (b) UPA.

circuits (ICs) that are under development, and they may
become much more popular for phased array implementa-
tions [10], [11], [12], [13]. To this day, the majority of the
analogue beamforming ICs that are now available are based
on phase shift. Analogue beamforming with phased arrays
is an interesting and promising technique for 5G wireless
communications in millimetre wave spectrums. However,
beam squint offsets degrade the output performance of ana-
logue beamforming for wide-band systems with numerous
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FIGURE 3. Frequency gain response with and without tapering for UPA

54 x 54; a) Taylor, b) Chebyshey, c) Kaiser and d) Hamming.

antennas. This is because the array output, power compen-

sation, and channel response vary with frequencies [17].
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FIGURE 4. Frequency gain response with and without tapering for UPA
134 x 134; a) Taylor, b) Chebyshey, c) Kaiser and d) Hamming.

In this study, we considered the impacts of the beam squint
as a function of the incidence angles by integrating the array
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FIGURE 5. The normalised radiation patterns for 54 ULA for a circular
polarization antenna array; a) without tapering, b) with Taylor tapering,

c) with Kaiser tapering, d) with Chebyshev tapering; the elevation angle is
60° and max bandwidth is 2 GHz.

gain as a frequency-dependent function. We have established
general equations (2D and 3D) for the inclusion of the taper-

ing and radiation pattern for each antenna element in the
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FIGURE 6. The normalised radiation patterns for 54 x 54 UPA with
circular polarization antenna array; a) without tapering, b) with Hamming
tapering, c) with Kaiser tapering, d) with Chebyshev tapering; the
elevation angle is 50° and max bandwidth is 2 GHz.

array response. These equations were derived based on the
arbitrary array geometry. After this step, the gain is included
inside a communication model that suits the functioning of a
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SIMO system in which the gain was added as either frequency
response or impulse response to represent an equivalent chan-
nel model. Ultimately, this model was applied to improve the
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operational performance of the SIMO systems. After that,
the model of the system comprises an encoding technique
in addition to a range of modulations, matching filters, and
Gaussian noise. In addition to this, we proposed the use of
equalisers as a method of overcoming the amplitude distor-
tion that was caused by the array gain response. This was
investigated to address the issue of such effects. In addition,
we have also shown a comprehensive study of the impact of
squinting on BER for M-QAM, M-APSK, and DVB-S2X.
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FIGURE 8. (a) Description of the proposed channel and squinting effect
for DVB-S2x model, (b) The simulated model.

Il. THE RESPONSE FUNCTION OF THE ARRAY GAIN WITH
TAPERING

We can assume that have a number of elements to reform a
planer antenna array similar to the one shown in Figure 1. To
consider a reference at the origin, one can predict the delay
distance between the incident wave and the vector position
of the antenna element using the dot product between the two
vectors as follows:

dy=r;er, (1)
where 1; and r, are the incident wave vector and the pth vector

from a reference point to the centre of a pth antenna element
at the array. These are given by:

r; = cos(¢;) cos(8;)ay + sin(¢;) cos(¥;)ay — sin(f;)a;

Tp = Xplx + Ypay + 2pdz

And ¢; and 6; are the azimuth and elevation angles of
the incident angle or sometimes called the focus angles ¢f
and 6.
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FIGURE 9. The tap coefficients for ZF and MMSE equalizers of 54 x 54 UPA; a) and b) ZF without and with tapering respectively, c) and
d) MMSE without and with tapering respectively, with a noise variance of 0.05.

Where r; and r, are the incident wave vector and the vector
from a reference point to the centre of each antenna element
at the array, these are given by:

Now, the phase delay for pth antenna element can be given
by:

— e_jk(ri“'p)

@

Eq. 2 is a general case that could include 2D or 3D loca-
tion antenna array geometries. Now considering the tapering
coefficients all over the antenna elements, the array gain
response, when the steering angle is set equal to the focus
angle (i.e., 65 = 6 = 6, ¢ = ¢r = ¢; 65 and ¢ are the
steering angles in elevation and azimuth respectively; 6 and
¢r are the focus angles in elevation and azimuth), including
the effects of the antenna radiation fields, can be represented
as follows.

Pap

N
im(rer e (L —
GO.¢.f) =D cpfp(0, e 77T (3
p=1
where f. is the centre frequency, c;, is the pth tapering coef-
ficient of the tapering applied to each antenna element. f; is
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the field strength in the direction of 8, and ¢. c is the speed
of light. And N is the number of antenna array elements.

The array gain for a simplified geometry of ULA and
UPA, considering the reference phase at the centre of the
arrays and assuming the steering angle (or focus angle) is
equal to the incident angle without embedding the tapering
coefficients and the elements radiation Eq. 3 will be reduced
to the following expression:

ULA array gain:

sin(MZ (sin(g)(E — 1))

Gr is = 4
G = N inGg sin(gi)(E — 1) @
UPA array gain:
sin(X sin(9;) cos(¢,~)(}”— -1
GO i f) = ———— =
V/Ny sin(5; sin(6;) cos(i)(z — 1)
sin(*5" sin(6)) sin(gi) (5 — 1)
) Ny sin(Z sin(8) sin(qb,-)(j% -1
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Based on Eqs 4 and 5, the variations of the frequency
gain responses for incident angles 6§ = 60° and ¢ = 50° on
ULA and UPA over various numbers of elements, excluding

where ¢ = ¢; and 65 = 6;. Ny is the number of ULA elements
along the x-axis. Nx and Ny are the dimensions of the array
elements in the x and y axes, respectively.
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b) with tapering only, c) with equalizer, d) with tapering and equalizer; Similar Square root raised cosine FIR filter as in Figure 9.

tapering and radiation pattern of antenna elements, are shown
in Figure 2. It is very clear to see the effects of the beam
squint as an equivalent to the frequency-selective channel
using analogue beamforming.

For the gain response shown in Eq. 3, we have studied four
types of tapering over uniform planer array antenna. These
are: a) Taylor (with 4 constant sidelobes level adjacent to the
main lobe at —40 dB), b) Hamming (apply hamming window
function), ¢) Kaiser (with § = 4.5 as Kaiser window param-
eter that affects the sidelobes attenuation), and d) Chebyshev
(apply Chebyshev window function). We have applied this
over a circularly polarized antenna array. The tapering coef-
ficient elements over various array sizes operated at centre
frequency 20 GHz have been demonstrated based on the
variations of the BER for various modulations.

The computed gain response with and without tapering is
presented in Figures 3 and 4, based on the above-suggested
coefficients. The variations of the gain response were com-
puted over 4GHz bandwidth and a centre frequency of
20 GHz, based on the elevation angle 60° and azimuth 50°.
From the set of the results for 54 x 54 and 134 x 134 UPAs
(this is equivalent to 40 x 40 cm? and Im x Im apertures
respectively), the tapering has improved the response to avoid
the nulls caused by the wide bandwidth. It also smoothes the

VOLUME 11, 2023

response compared to the case without the tapering process.
The variations of the gain response by applying Taylor, Kaiser
and Hamming tapering are quite similar for both UPAs;
whereas, Chebyshev tapering is proved to be consistent with
the case of without tapering with small elevation angles.
Nevertheless, this tapering will affect the variations of the
beamwidth compared to the other three tapers and thus might
cause another type of interference from the wider beamwidth
generated. The following results are some examples of beam
squinting with and without tapering that clearly show the
main contribution of the tapering to the operation of the
antenna array.

Ill. BEAM SQUINTS WITH AND WITHOUT TAPERING

The normalized radiation patterns with and without tapering,
including beam squint effects, are shown in Figures 5, 6
and 7. In these examples, we have tried to achieve minimum
sidelobe levels at higher elevation angles for the four tapering
methods applied over ULA and UPA array antennas. The
colours of the given plots are blue at fc-BW/2, red at fc,
and orange at fc+BW/2 (BW is the spectrum Bandwidth).
Obviously, the results from this will be utilised to compute
the BER rate in the next sections. The sizes of the UPAs are
similar to the ones given in the previous section.
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From Figure 5, it can be observed that the tapering for
54 ULA provides good radiation performance with low side-
lobes levels for all the tapering applied. Due to the widening
window of the Chebyshev, this distorts the beam at a higher
angle. It was verified that this type of tapering could be
useful with an array operating at an elevation angle of less
than +60°. The tapering with Taylor and Kaiser is quite
similar except that Kaiser tapering has lower sidelobes levels
away from the main lobe. Hamming tapering is not pre-
sented here since its performance is quite similar to Taylor
tapering.

Figures 6 and 7 show the variations of the radiation patterns
for 54 x 54 and 134 x 134 UPAs, respectively based on
circular polarized antennas. Again, the maximum bandwidth
considered for both is 2 GHz. The focus angle is 50° elevation
and 0° azimuth. It is easy to notice the low sidelobe levels for
all tapering applied compared to the case without tapering.
The variations over the three tapering coefficients are compa-
rable to each other. It can also be indicated that the Chebyshev
widens the width of the main lobe compared to other tapering
applied. It should be noted that the sidelobe levels are between
24 to 28 dB with tapering compared to 13 dBs without such
a wide scanning angle for both ULAs and UPAs.

Figures 6 and 7 show a very clear message on how wider
beam squint could be when a higher steering angle near
90 degrees is required, however, the tapering enhanced the
reliability to widen the gain response and avoid the nulls near
the edges of the wide bandwidth. It can also be concluded that
the array performance could be a trade-off by the operating
bandwidth at higher steering angles.

IV. PROPOSED SYSTEM MODEL AND SIMULATED
RESULTS

We have assumed the array gain response as the channel
model of the whole system model to make sure that we
are able to take into account the beam squint effects only,
as shown in Figure 8a. Figure 8b shows the block diagram of
the proposed model with the gain response channel equalizer
and array antenna tapering that has been considered in this
work.

Since we have applied analogue beamforming, thus the
received signal model with array gain response (i.e. the results
of the kroneker product of the incident wave with conjugate
steering vector) is excluding the channel effects and is taking
into account the array gain only with AWGN, leading to the
following:

re(t) = gr(1) * s(t) + n(1) (6)
R (f) = Gr(f).S(f) + N(f) (N

where g.(t) and G,(f) are the receiver array gain in the
time and frequency domains, respectively. It should be noted
that these equations are excluding tapering and antenna pat-
terns. Gr(f) is given by Eqns 5 and 6 for ULA and UPA
configurations, respectively. s(t) and S(f) are the transmit-
ted modulated signal in the time and frequency domains
respectively. ry (t) and Ry (f) are the received signal in the time
and frequency domains, respectively. n(t) and N(f) are the
AWGN in time and frequency domains, respectively.

Two equalizers are deployed to compensate for the distor-
tion caused by the array gain response. These are ZF and
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a) ZF-Frequency domain, b) MMSE-Frequency domain, c) ZF-Time domain,
b) MMSE-Time domain.
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FIGURE 13. Scatterer plot for 16-QAM of 134 x 134 UPA array; a) without
tapering and equalizer, b) with tapering only, c) with equalizer only,

d) with tapering and equalizer. (All other parameters are the same as the
previous example).

MMSE with 2N+1 number of taps. In ZF equalization, the
tap coefficients of the ZF equalizer can be estimated and
determined by solving 2Ng +1 linear equations, simply by
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FIGURE 14. Scatterer plot for 16-QAM of 134 x 134 UPA array; a) without
tapering and equalizer, b) with tapering only, c¢) with equalizer only,

d) with tapering and equalizer. (All other parameters are the same as the
previous example).

applying the following:

m=20

Ny |
n—ZJN cng(m —n) = IO, P )

where g(t) is the impulse response of the gain response with
causal ISI of length L, ¢, represents the nth coefficient of the
2N + 1 equalizer tap coefficients, and Ny is the frequency
sampling which is generally chosen sufficiently large so that
the equalizer spans the length of the ISI.

ZF equalizer could lead to a degraded operation outcome
due to noise enhancement as we will show some results
later. The significant noise enhancement is due to the fact
when the channel response is small, the channel equalizer
compensates by placing a large gain in that frequency range,
thus enhancing noise in that frequency range; whereas the
MMSE equalizer selects the channel equalizer taps such that
the combined power in the residual ISI and the additive noise
at the output of the equalizer are minimized. This equalizer is
more robust than a ZF equalizer in the presence of a large ISI.
It minimizes the mean-square error of all the ISI terms plus
noise. In MMSE equalization for a channel with the causal
IST of length L, the tap coefficients of the equalizer can be
determined by solving the 2N +1 linear equations as follows

Ny L

> el D gtgtk +m—n)+ 08, | = g(—m)
n=—Nj k=0
Form=—Ng, —Ng+1,......... N ©)]
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FIGURE 15. The variations of BER versus EbNo for 54 x 54 UPA applying
64-APSK over 2 GHz signal spectrum bandwidth and with similar square
root raised cosine FIR filter used in Figure 8.

where 8,_,, is the Kronecker delta and o2 is the noise
variance. It is important to note that the conditions for the
optimum tap gains for MMSE equalizers are similar to those
for ZF equalizers, except the autocorrelation function sam-
ples are used instead of the samples of the received pulse.
Different examples have been considered using Matlab
codes with different array sizes for ULA and UPA config-
urations. In which, the frequency-dependent array gain is
included. The source codes also introduce the tapering and
the two-channel equalizers ZF and MMSE in Eqns 6 and 7
respectively. The bandwidth is also varied for many array
sizes with and without tapering and channel equalizers.
Figure 9 shows the distributions of the coefficient taps for
ZF and MMSE equalizers for two examples with and without
tapering and two incident angles for 54 x 54 UPA. For the ZF
equalizer example, Figures 9a and 9b show the coefficients
without tapering and with tapering for incident angles of 60°
and elevation angle of 80°, respectively. The azimuth angle
is set at 50° for all sub-figures of Figure 9. N is set to 12 and
25 for Figures 9a and 9b, respectively. Figures 9c and 9d are
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FIGURE 16. Figure 16. The variations of BER versus EbNo for 134 x 134
UPA applying 64-APSK over 2 GHz signal spectrum bandwidth and with
similar square root raised cosine FIR filter used in Figure 9.

the coefficients for the same UPA array used in ZF except for
the variance of the noise which is set at 0.05 and N is kept
at 12. The variations of tap coefficients are different between
ZF and MMSE where the correlation and noise variance are
applied at the MMSE equalizer only.

V. BER FOR UNCODED M-QAM WITH BEAM SQUINT

Figure 10 depicts the relationship between the BER and EbNo
for three different uncoded M-order QAM modulations at
0 = 80°, ¢ = 0° of the UPA 54 x 54 array element. The band-
width is 2 GHz and hamming tapering is applied. The model
has applied square root raised cosine FIR filter with, roll-
off = 0.25, Span symbols = 8 and Sample per Symbol = 4.
ZF and MMSE equalizers are used to investigate the perfor-
mance with beam squinting. The model also includes a square
root raised cosine FIR filter (details are given within the title
of the figure). The frame length is 16400. It is clear that better
BER performance is achieved for the lower modulation. The
BER obtained with tapering and equalizer matched the BER
variation without squint effects. It is also noticed that by using
an equalizer only, the MMSE outperforms the ZF equalizer.
It also observed that the tapering could improve the BER at
higher level modulation but less than the one achieved by the
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FIGURE 17. The variations of the BER for 32-APSK DVB-S2X, for an
incident, angles 80°-elevation and 50°-azimuth; signal bandwidth

is 2 GHz; a) without the tapering and equalizer, b) with Taylor tapering
and MMSE equalizer.

equalizer only. Various examples have been considered using
Matlab codes with different array configurations, in which,
the frequency-dependent array gain is included.

Figure 11 illustrates the variations of the BER with and
without tapering and equalizer for the array size of 134 x 134
UPA. 4, 16 and 64 QAM level modulation is applied. The
elevation and azimuth angles are 80° and 50° respectively.
Taylor tapering coefficients are applied to this UPA array ele-
ment. The bandwidth considered in this example was 2 GHz,
in which, the impulse response of the array gain was applied
in the time domain. The length of the frame size used is
16400. It is clear that the combination of tapering and MMSE
equalizer is providing the optimum solution to resolve the
effects of beam squinting in such a narrow beam for a wider
aperture antenna array. It is also noted that the operation of
the equalizer alone is better than tapering only.

A comparison between ZF and MMSE with tapering is
demonstrated in Figure 12. The assumption applied in the pre-
vious example used here except the bandwidth was changed
to 1.4 GHz. The solution was performed over both the time
domain and frequency domain of the gain response. The
figure illustrates that the MMSE outperforms the ZF.
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FIGURE 18. The variations of the BER for 64-APSK DVB-S2X, for an
incident, angles 80°-elevation and 50°-azimuth; signal bandwidth

is 2 GHz; a) without the tapering and equalizer, b) with Taylor tapering
and MMSE equalizer.

Figures 13 and 14 show the variations of the constellation
diagrams with beam squint of the previous example at
Eb/No = 10dB only for 16 and 64 QAM modulations,
respectively. These figures show the effects of beam squint
which has a direct influence on the random distribu-
tion of the vector’s consultation and how the combination
of both tapering and the equalizer improves that pro-
cess. It is observed that the equalizer has much more
impact than the tapering alone, especially for high-level
modulation.

A. BER FOR UNCODED 64-APSK WITH BEAM SQUINT

Figures 15 and 16 depict the relationship between the BER
and EbNO for two array sizes. The array sizes are 54 x
54 and 134 x 134 UPAs, respectively. The modulation
applied is 64-APSK with a short frame length of 16400.
The radius vector of the signal positions for this modulation
is “radii = [0.19233 0.42307 0.692351 0.999998]”. The
incident angle for 54 x 54 and 134 x 134 UPAs are 60°
and 80° respectively. For comparisons, we have included
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FIGURE 19. Scattering plot for 32-APSK, for Figure 15 at EbNo = 10dB;
a) without tapering and equalizer, b) with tapering and equalizer.

Quadrature
Quadrature
o

-1.5 -1 -0.5 0 0.5 1 1.5
In-Phase

In-Phase

(@) (b)

FIGURE 20. Scattering plot for 64-APSK, for Figure 16 at EbNo = 10dB;
a) without tapering and equalizer, b) with tapering and equalizer.

no squint beam by considering an incident signal at 0°
(Figures 15a and 16b). For this example and the following
sections, the MMSE was applied with Taylor tapering. The
model also includes a square root raised cosine FIR filter
(details given within the title of the figure). It is observed that
the inclusion of tapering and equalizer provides the required
BER for the two elevation angles considered in both UPAs
(Figures 15b and 16b). Also, for a lower elevation angle, the
compensation of the beam squint is effective.

B. BER FOR CODED DVB-S2X WITH BEAM SQUINT
Figures 17 and 18 illustrate the case study for the DVB-S2X
system evaluation with the 32-APSK and 64-APSK coded
constellations including the beam squint effect and with and
without the tapering and equalizer for 54 x 54 and 134 x
134 UPAs respectively. The elevation and azimuth angles for
both figures are 80° and 50°. A short frame was applied for
both modulations, that is 16400. The coded rate is 32/45
and 7/9 for 32-APSK and 64-APS respectively. For both
figures, the BER rate was improved with both tapering and
equalizer at such a higher elevation angle. The variations
of the BER have almost matched the broadside elevation
angle on both arrays. The scattering plots for EbNo = 10 dB
were illustrated in Figures 19 and 20 with and without
the tapering and equalizer, respectively. It is clear how the
equalizer and tapering are quite effective even for a lower
EbNo.
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Vi. SUMMARIZED CONCLUSION

In this paper, we calculated and presented the frequency
response of an array’s gain under the assumption of a specific
signal bandwidth. We showed the effect of ULA and UPA
sizes, as well as four different forms of tapering, on the
resulting response. At higher frequencies, the tapering has
provided an excellent performance of spreading out the pre-
viously narrow differences in the array’s response. ZF and
MMSE equalisers were implemented to fix the beam squint
from the array’s gain response. In the majority of the provided
examples, the MMSE equalisation performs better than the
ZF. Coded and uncoded modulations have been demonstrated
among the many instances given. Overall, and especially at
greater elevation angles for two array aperture sizes, the anal-
ysis shows a significant improvement in BER after applying
the tapering and MMSE equalisation. The study also found
that with large elevation changes, there will be a decrease in
bandwidth and array performance.
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