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Abstract

In this paper, a sidelobe recognition method using boresight error and quadrant signal difference for a monopulse array is proposed. A

conventional sidelobe recognition method compares the difference between the sum and delta channels. This method works well for the

azimuth and elevation planes. However, the method is prone to many errors in the diagonal region of the two-dimensional plane. To

overcome this problem, a method to calculate the deviation of the boresight error difference with different frequency combinations and a

threshold to identify the sidelobe is proposed, and the method is validated to significantly reduce the error region. If a four-quadrant signal

can be extracted separately, the signal deviation can be calculated and compared with the threshold, and the error region can be further

reduced. The effects of each margin and bandwidth on the recognition performance are analyzed, and a slot array antenna is simulated to

assess the method’s effectiveness.
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I. INTRODUCTION

In monopulse radar systems, sidelobe recognition is a necessary
function for detecting a target when a clutter or jamming signal
in an electronic warfare environment is received from an angle
other than the main beam of the antenna. It is common to apply
an auxiliary antenna [1-9], sum/delta monopulse [10], interfer-
ometer [11], or time-modulation [12] methods for sidelobe
recognition.

When an auxiliary antenna, such as a horn aperture or a mi-
crostrip patch, is used, the gain is usually designed to cover the
sidelobe region of the main antenna. In this case, additional
space and a receiver channel are required. When the gain of the

main antenna is increased (e.g., large aperture) or the sidelobe is
high (e.g., radiation characteristics at edge frequencies), it becomes
difficult to create the pattern design of the auxiliary antenna
because nulls can occur in the auxiliary antenna pattern if the
gain is increased to a certain value (e.g., more than 13 dBi [13]).
Another method is to recognize the sidelobe using only the sum
(2) and two difference (delta) channels (Awimuh and Aeevation)
without an auxiliary antenna [10]. Two delta channels can be
regarded as auxiliary antennas, and the main and sidelobe regions
can be identified using a simple method, as shown in Fig. 1. In
this equation, 71 is a threshold magnitude in dB, and this value
could be changed with the antenna characteristics, the definition
of the main beam, the required detection probability, and the
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Fig. 1. Conventional sidelobe recognition method.

false-alarm rate [1].

In general, for a one-dimensional (1D) azimuth plane or ele-
vation plane in a "+" axis monopulse system, the abovementioned
method works well because the magnitudes of delta channels are
usually greater than those of the sum channels in the sidelobe
region. However, in the diagonal region of the two-dimensional
(2D) plane, there are many areas where the delta channel magni-

tudes are low, thus reducing the accuracy of the sidelobe recognition.

In this paper, a hybrid sidelobe recognition method, incorporating
a conventional sum-delta magnitude comparison with boresight
error (BSE) and a quadratic signal difference comparison, is
proposed to overcome the aforementioned problems. It is assumed
that the incoming signals do not fluctuate, and the range and
Doppler gating are not considered for the sake of simplicity. The
details of the proposed method and the simulated results are
presented and discussed in the following sections.

II. HYBRID SIDELOBE RECOGNITION METHOD

Fig. 2 illustrates the proposed sidelobe recognition method
employing sum-delta comparison, BSE comparison, and four-
quadrant signal comparison. Here, 1 and F denote lower- and
upper-edge frequencies, respectively. It has three recognition
gates: 1, 2, and 3. If signals with two independent frequencies
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Fig. 2. Proposed hybrid sidelobe recognition method.

pass through the above three gates sequentially, the signals are
regarded as the main lobe signals. Otherwise, they are considered
sidelobe signals. In other words, the above three gates correspond
to the main lobe conditions. The concept behind this process is
that one or more of the abovementioned three conditions could
be violated in the sidelobe region.

Recognition Gate 1 compares the magnitudes of the sum and
delta signals for each frequency. This is similar to the conventional
method (Fig. 1). Threshold 77 can be adjusted with the definition
of the main beam and the amplitude distribution of the aperture.
A reference value of 1.0 dB was chosen.

Recognition Gate 2 compares the BSEs of the sum/delta
monopulse for the two frequencies. Here, BSE can be calculated
using the formula 1/K X Im(A/g), where K denotes a monopulse
slope for azimuth or elevation. In the main lobe region, the
BSEs are expected to be nearly the same. Threshold 75 can be
adjusted, considering the nonlinear property of the monopulse
curve. In the sidelobe region, several nulls and peaks occur in
the radiation patterns, where the angles are dependent on the
antenna geometry, weighting distribution, mutual coupling, and
frequency. Therefore, BSEs usually have different values in the
sidelobe region. As the frequency separation (F1 — F3) or the
bandwidth [BW (%)= (F\ — F)/Fo, where Fy is (F1 + [5)/2]
increases, the deviation of the BSE also increases in the sidelobe
region, which is preferable for sidelobe recognition. The chosen
reference value was 75 = 0.3".

Recognition Gate 3 compares the magnitudes of the four-
quadrant signals (Q1, Q», Qs, and Q). Obviously, the difference
would be very small in the main lobe region because of the
symmetry of the two axes. Threshold 73 should be chosen care-
fully, considering the maximum difference in the main lobe.
This is an optional method because some monopulse arrays
have only three channels (2, Awimuth, and Adevson). In this case,
quadrant signals are difficult to extract. The chosen reference
value was 73 = 1.0 dB.

A simple example (ideal circular array antenna, Fig. 3(a)) was
selected to analyze the proposed method. For the weighting, a
Taylor 25-dB (other values are also possible) distribution was
used for the low sidelobe level. The simulations were performed
in the developed code in MATLAB, and the element pattern
was assumed to be a cosine pattern (0.8 X cos 6 + 0.2). The
radiation patterns of the sum, delta azimuth/elevation, and four
quadratic signals are represented in Fig. 3(b)-3(h).

Fig. 4 shows the recognition results after Gate 1 was applied.
For the center frequency Fo, F1 (0.985 X Fo) and 5 (1.015 X Fp)
denote the edge frequencies, for which the bandwidth is 3%.
Red (1) and blue (0) colors indicate the recognition results of
the main and the sidelobes, respectively. The angular step is
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Fig. 3. A 12 X 12 circular monopulse
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Fig. 4. Sidelobe recognition results (red = main lobe, blue = sidelobe)

after Gate 1 for two different frequencies. (a) F1 and (b) Fa.
71 =1.0dB, 7>=0.3 deg, 75 = 1.0 dB, and BIW = 3%.

0.50°. Although the recognition works well for two principal
planes (azimuth or elevation plane), there are many errors in the
other regions. The error rate is defined as the number of angles
in red divided by the number of angles in red or blue colors in
the sidelobe region. The error rate in the sidelobe region using
Gate 1 is calculated to be 10.21%. Although this error is relatively
small compared to that of a single frequency (17.06% of Fi or
18.03% of F3), the error rate might be insufficient for clutter or
jamming environments.

The recognition accuracy could be improved by applying
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Fig. 5. Sidelobe recognition results (red=main lobe, blue = sidelobe)

after (a) only Gate 2 was applied and (b) Gates 1 and 2 were
applied. 71=1.0dB, 72 =0.3°, 73 = 1.0 dB, and BI¥/ = 3%.

Gate 2. When only Gate 2 was used (Fig. 5(a)), the sidelobe
recognition error was significantly reduced (0.57%). When
Gates 1 and 2 were sequentially applied, the error rate was further
reduced to 0.11%. The remaining sidelobe error might be eliminat-
ed by using other frequency combinations.

The recognition accuracy of Gate 3 is shown in Fig. 6. When
only Gate 3 was used, the recognition error rates were 27.60%
(Fronly), 29.85% (F>only), and 19.53% (both F; and F5). However,
by combining Gate 3 with Gate 1 (Fig. 6(c)) or by combining
all three gates (Fig. 6(d)), the error rates in the sidelobe region
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Fig. 6. Maximum quadratic signal difference (F1) (a) and sidelobe recognition results (red=main lobe, blue = sidelobe) after (b) only Gate 3 was
applied (F), (c) Gates 1 and 3 were applied, and (d) Gates 1, 2, and 3 were applied. 71 = 1.0 dB, 7> = 0.3°, 73 = 1.0 dB, and BIW = 3%.
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were significantly reduced to 0.06% and 0.00%, respectively.
Therefore, by combining recognition criteria with suitable
threshold values and the operating bandwidth, the sidelobe
recognition errors could be significantly reduced.

Furthermore, several trade-off studies were conducted, using
ideal radiation patterns of the circular array antenna (Fig. 7). If
the sum/delta threshold 77 increased, the sidelobe error rate of
Gate 1 was reduced from 11.5% to 6.8%, whereas the effective
main lobe beamwidth decreased from 7.8° to 6.4° (Fig. 7(a)).
Here, the effective main lobe beamwidth is assumed to be the
region satisfying Gate 1 in the main beam and is dependent on
Tibecause the intersection points of the & and Awimun + 771 (or
Adevtion + 71) are dependent on 71 These sidelobe error rates
might be insufficient for clutter or jamming environments.

If the BSE threshold 73 increased, the sidelobe error rate also
increased. As noted in a previous study [5], if the threshold was
too small, there would be a recognition error in the main lobe
region. 73 could also be adjusted by considering the signal-to-
noise ratio and predicted geometry of the clutter or jammer.

If the quadratic signal threshold (73) increased, the sidelobe
error rate of the combination of Gates 1 and 3 also increased
(Fig. 7(c)). Even if a lower 73 could be advantageous in an ideal
case, some margin of error might be required because of the
feed network characteristics, the quadratic pattern symmetry,
and so on.

If the bandwidth increased, the sidelobe error rate decreased
because more changes occurred in the sidelobe region (Fig.
7(d)). Because the bandwidth is usually limited by the antenna
and receiver characteristics, using two edge frequencies to apply
the recognition method is recommended.

The proposed method could be used for various ranges of
design sidelobe levels. The effects of the designed sidelobe lev-
els and the recognition error rates are listed in Table 1. The er-
ror rate of the proposed method (Gates 1+ 2 or Gates 1+2+
3) was significantly reduced compared to the conventional

method (Gate 1).
II1. VERIFICATION USING WAVEGUIDE SLOTTED ARRAY

To verify the proposed method, simulations were performed
on a circular broad-wall slot array antenna. The antenna had a
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Table 1. Sidelobe error rate (%) with various configurations of sidelobe
levels 71 = 1.0 dB, 7> = 0.3°, 753 = 1.0 dB, and BW = 3%

Sidelobe error rate (%)

Sidelobe level —17dB  —25dB —30dB  —35dB
Gate 1 12.64 10.21 9.54 9.45
Gates1+2 0.14 0.06 0.10 0.09
Gates1+2+3 0.01 0.00 0.01 0.03

"+" monopulse axis and 30 radiating slots for each quadrant
(Fig. 8(a)). The dimensions of each radiation slot (length, offset)
and distribution slot (length, inclined angle) were calculated
according to Elliot’s design equations [14-16]. The distance
between adjacent slots is 0.73 Ao, where Ay denotes the wave-
length corresponding to the center frequency. Considering the
sidelobe at the edge frequencies, a Taylor 34-dB distribution was
applied for amplitude weighting.

The simulated radiation patterns using CST Microwave Studio
(time domain solver) are shown in Fig. 9. Owing to the resonant
characteristics of the slots and waveguides, the maximum side-
lobe level at the edge frequency (0.985 X Fp) is —23.2 dB in
the elevation plane.

The recognition results with Gates 1, 2, and 3 are represented in
Fig. 10. The chosen threshold values were 77 =1.0 dB, 73 =0.3",
and 73=2.0 dB. Owing to the resonant slot, the error rates of
the sidelobe recognition with the antenna characteristics, such as
mutual coupling and Gate 1, were lower than the ideal simulation
result (Fig. 7), and the calculated values were 6.31% and 3.07%
for BW = 1.5 % and 3.0 %, respectively. As expected, when Gate
2 was added, the error rates were significantly reduced to 0.93%
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Fig. 8. Geometry of circular 12 X 12 broad-wall slot array.
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Fig. 7. Sidelobe error rate with (a) 73, (b) 73, (c) 73, and (d) operating bandwidth for various gate combinations.

415



JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL.23,NO. 5, SEP. 2023

w
o oS

Elevation (deg)
Elevation (deg)

» »
S ©

90 0 0
60
-10 -10
-20 -20
-30 -30
- -40 -40

90 -90
90 -60 -30 0 30 60 90 -90 -60 -30 30 60 90
Azimuth (deg) A2|muth (deg)
(a) (b)

Elevation (deg)

Elevation (deg)

0
-10
-20
i -30
9 -40

) 90 60 -30 0 30 60 90
Azimuth (deg)

(d)

“90 60 -30 0 30 60 90
Azimuth (deg)

(0)

Fig. 9. Electromagnetic simulation results of radiation pattern at = 0.985 X Fu: (a) sum, (b) delta azimuth, (c) delta elevation, and (d) Q..

90 90

60 §
308

0

Elevation (deg)

-30 =

Elevation (deg)

-60

-90 -90
90 60 -30 0 30 60 90 90 60 -30 0 30 60 90
Azimuth (deg) Azimuth (deg)
(a) (b)
=) >
() ()
R k=3
c =
] S
kS ®
> >
o - @ -
w w
0.54%
-90
90 60 -30 O 30 60 90 90 60 -30 0 30 60 90
Azimuth (deg) Azimuth (deg)
(© d)

Elevation (deg)
Elevation (deg)

0.05%

-90
90 60 -30 O 30 60 90
Azimuth (deg) Azimuth (deg)

(e) ®
Fig. 10. Sidelobe recognition results (red = main lobe, blue = sidelobe)

-90
90 60 -30 0 30 60 90

using electromagnetic simulation of circular 12 X 12 slot
array. Recognition after Gate 1 only: (a) BW=1.5% and
(b) BW=3.0%. Recognition after Gates 1 and 2: (c) BW
= 1.5% and (d) BW = 3.0%. Recognition after Gates 1, 2, and

3: (e) BW=1.5% and (f) BW=3.0%. 71 = 1.0 dB, 72 =0.3",
and 73 =2.0 dB.

and 0.54% for BW = 1.5% and 3.0%, respectively. If all three
gates were applied, the error rate was reduced to less than 0.1%.

IV. CONCLUSION

A hybrid sidelobe recognition method using BSE and quad-
rant signal difference for a monopulse array system is proposed
in this study. An appropriate selection of each threshold value
(71, T, and T3), considering the array geometry and monopulse
characteristics, could significantly reduce the recognition error
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rate. Additionally, the operating bandwidth is an important
parameter for the recognition performance. A circular broad-
wall waveguide slot array antenna was simulated and analyzed to
verify the proposed method. The recognition error was reduced
from 3.07% (Gate 1) to 0.54% (Gates 1 and 2) or 0.01% (all
three gates). In future research, signal-to-noise ratio, target and
receiver characteristics, and so on, could be considered to select
the threshold values. The proposed method can be utilized for
simple monopulse array systems in clutter and electronic warfare
environments, among others.

This work was supported by the Agency for Defense
Development Grant, funded by the Korean government.
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