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Spatial Delay Line Canceler-Based Sidelobe
Blanking for Low Radar-Cross-Section Target

Youn-Hui Jang" - Donghyeon Cho?

Abstract

This study proposes a sidelobe blanking (SLB) system with a spatial delay line canceler (DLC) and non-coherent integrator in a uniform

linear array. After the equations for the target and noise power in the SLB system were established, SLB-ratio functions for the proposed

and conventional SLB channels were developed. Using these ratio functions, the optimal SLB thresholds for the general detectable target

and low radar-cross-section (RCS) target were estimated. The results of the SLB thresholds were confirmed by the Monte Carlo simula-

tion, which indicated that the proposed SLB channel provides reliable performance without false SLB decisions in the sidelobe region.

Using the estimated optimal threshold, the proposed SLB channel provides reliable performance, particularly for low-RCS targets. In

contrast, the conventional SLB channel produces numerous false SLB decisions in the sidelobe region. The proposed synthesis is a simple

but powerful method for obtaining the reliable SLB ratio. The SLB channel in various array antenna systems can be developed based on

this method.

Key Words: Low-RCS Target, Optimal SLB Threshold, Radar, SLB-ratio Function, SLB Synthesis, Spatial Delay Line Canceler.

I. INTRODUCTION

A radar detects a target in a desired direction by transmitting
and receiving radio waves. This means that the antenna of the
radar maximizes the directivity of the detection direction and
suppresses the other directions using a tapering window. Here-
after, in this study, the antenna beamwidth centered on the de-
tection direction is referred to as the mainlobe, whereas the sup-
pressed region excluding the mainlobe is referred to as the side-
lobes.

In addition to signals from the mainlobe, the antenna simul-
taneously receives suppressed signals from the sidelobe. Despite
the directivity of the antenna, the target signal in the mainlobe
may still be indistinguishable from the clutter signals suppressed

in the sidelobe because of the inherently low radar cross-section
(RCS) of the target. If these unwanted signals from the sidelobe
are not deleted or blanked during post-processing, it may result
in false targets or system degradation of the radar.

To blank the sidelobe signals, radars use a sidelobe blanker
(SLB). For this purpose, radars make an auxiliary channel for
the SLB channel in addition to the detection channel and com-
pares the output magnitudes of the detection and the SLB
channels. Hereafter, the detection channel is referred to as the
main beam channel, which forms the mainlobe on the detection
direction. The SLB system first sorts out the mixed sidelobe
signal in the main beam channel and then blanks it [1, 2].

Although an SLB channel generally requires a dedicated an-
tenna, a phased array antenna can re-synthesize the outputs of
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the array for the SLB channel without an additional antenna. In
addition, it can simultaneously apply adaptive beamforming to
the main beam and SLB channels for nulling interference.

In this study, we focused on synthesizing a robust SLB channel
for low-RCS targets. The synthesized SLB channel should be
simply implementable to be expansible for adaptive beamforming.
We designed this channel using a discrete Fourier analysis of
spatial frequency and a finite impulse response (FIR) filter system
in discrete time.

Digital signal processing (DSP), which samples time signals
in a fixed sampling period, has a discrete sequence. Thus, assum-
ing an equally spaced array, such as a uniform linear array (ULA)
and far-field radiation, we can analyze array processing using the
DSP technique. Some studies have already offered a fundamental
understanding of digital array processing with FIR filtering [3,
4]. In addition, many applied studies have also been published.

Within the domain of array processing, adaptive beamforming
has been investigated in diverse research fields. For radar, the
objective of adaptive beamforming is to preserve detection per-
formance under conditions of strong jamming or interference.
Therefore, an adaptive SLB channel should be adopted for pre-
serving the target through adaptive beamforming in the main
beam channel; otherwise, the target will inevitably be blanked by
strong interference in non-adaptive SLB channel. This require-
ment has resulted in various adaptive SLB studies [6-9]. While
one study generalized adaptive detection using a generalized
likelihood ratio test (GLRT) for SLB [6], another described a
2D adaptive sidelobe blanker (ASB) using the generalized adap-
tive coherence/cosine estimator (ACE) [7]. Yet another study
modified the 2D adaptive matched filter (AMF) and ACE
detector introduced in the aforementioned study using subarrays
[8]. Suitable thresholds were presented for the detection margin,
and results were achieved based on the designed subarrays.

Although research on adaptive methods for SLB is abundant,
studies on channel synthesis for actual implementation are rare.
We proposed an adaptive SLB channel synthesis in a ULA system
using spatial delay line cancelers (DLC) and non-coherent inte-
grators [10-13]. The synthesis is simple but powerful in terms
of the ratio difference between the channels, also called the detec-
tion margin [8]. In this study, we formulated SLB thresholds
appropriate for low-RCS targets with equations for the signal-
to-noise ratio (SNR) in the SLB system. We verified the per-
formance using Monte Carlo simulations for all angles of the
various target scenarios.

Practically, in a phased-array antenna system, the physical
phenomenon of array mutual coupling and inaccurate calibration
produces a substandard final array pattern, such as the main beam
shape and the sidelobe level (SLL). Despite sound theoretical
synthesis, inferior SLL performance causes degradation of SLB.
Therefore, we focused on robust synthesis with a sufficient ratio

difference for all angles to overcome this practical problem.

Section II summarizes the SLB channel synthesis proposed
in an earlier study [12], while Section III presents the equations
of the target signal, noise signal, and ratio for the SLB decision.
Following this, Section IV presents the SLB thresholds suitable
for the target signals and the results of the Monte Carlo simula-
tion. Finally, Section V concludes the study.

II. ADAPTIVE SLB CHANNEL SYNTHESIS

1. Conventional SLB System

To generate a good SLB performance, the angular pattern of
the SLB channel should be distinguishable separately from that
of the main beam channel in terms of the angular region, as
displayed in Fig. 1. If this difference is insufficient, clutters with
large RCS originating from the sidelobe region cannot be blanked,
which may result in numerous false targets in theca main beam
channel. Therefore, proper SLB channel design is critical for
the optimization of the main beam of the radar system.

Fig. 1 displays the typical angular gain patterns of the main
beam and SLB channels. The gain pattern of the SLB channel
is smaller than that of the main beam channel in the mainlobe,
which is the detection region, whereas the pattern is larger than
that of the main beam channel in the sidelobe region. Fig. 2
presents a block diagram of a radar SLB system, in which the
SLB decision compares the ratio of main? (the output power
of the main beam channel) to slb? (the output power of the
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SLB channel) with a threshold of THg;p [1, 2]. If main?,
represented by the solid line in Fig. 1, is smaller than THg;p
compared to slb?, which is represented by the dotted line in
Fig. 1, the main? is assumed to originate from the sidelobe
region and is eventually blanked. Since the actual signal of the
mainlobe in the main beam channel exhibits maximum antenna
gain, it is always greater than the output of the SLB channel.

main?
slb?
process main? otherwise. 1)

SLB blank main? if

< THgp,

where,

main: output of the main-beam channel,
slb: output of the SLB channel,

THg, g: threshold of the SLB decision.

2. Adaptive SLB System with Spatial DLC and Non-coherent
Integrator

As mentioned earlier, to obtain a clear SLB decision, the
main beam channel should be sufficiently greater than the SLB
channel in the mainlobe. In this study, we set the decision crite-
rion as THgpp and designed a distinguishable angular pattern
of the SLB channel in the overall angular domain. Fig. 3 depicts
an adaptive SLB channel synthesized in a ULA system, along
with the spatial DLC and non-coherent integrators [12].

A DLC in the Doppler domain is a simple and powerful tool
for indicating a moving target. Thus, it was applied to the spatial
domain. A spatial DLC forms a null at the boresight @50, of
the angular pattern in the same manner as the DLC does on the
zero Doppler. The proposed SLB synthesis is summarized as
follows: first, the null makes a significant gap between the two
channels within the mainlobe. Second, in the sidelobe region,
the non-coherent integrator makes the angular pattern of the
SLB channel uniformly higher than that of the main beam
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Fig. 3. Comparison of the angular patterns between the adaptive
main and the proposed adaptive SLB channels using the
spatial DLC and non-coherent integrators: ULA with 16
elements, d =2/2, and Taylor window (30 dB SLL).
Adapted from [12].
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channel. Finally, adaptive beamforming ensures robust SLB per-
formance in environments with interference.

In this section, we briefly describe the spatial DLC response,
which is explained in further detail in Fig. 4. The DLC opera-
tion is called the first difference in discrete time [14]. Each
sample in the output signal is equal to the difference between
the two adjacent samples in the input signal. Using this opera-
tion, we defined the spatial DLC system in the ULA with the
impulse response hgpyc[n] and frequency response Hgppc(u),
where 7 is the element number in N-element ULA, and « is the
spatial frequency in period u;.

hsprcln] = 8[n] — 6[n — 1]
— Hgpc(w) = 1—exp(—j2mu/uy)
= exp(—jmu/ug) - (2j - sin(mu/us)) (2

Owing to the zero value of sin(mu/ug) at u=0 in
Hgppc(u) with w0 = 0, the angular pattern of the adaptive
SLB channel is considerably different from that of the adaptive
main channel. Therefore, main?/slb? is clearly distinguishable
between the mainlobe and the sidelobes, thus improving SLB
decisions.

III. SLB-RATIO FUNCTION FOR SLB DECISION

In this section, we present the SNR of each input/output signal
as well as the SLB ratio formulation in the proposed SLB system.
To simplify the equations, we assumed the boresight ¢, . =0
of the array and omitted adaptive beamforming.

As mentioned previously, we developed formulations of the
N-element ULA using a discrete-time Fourier transform
(DTFT) or DSP technique, with »=0,1,...N-I in the spa-
tial/array domain and « along with period ug in the spatial fre-
quency domain. However, in this study, we did not consider the
time variables in each element or the array system. Note that
variable 7 represents the sample or element number in the spa-
tial/array domain and is not related to time. A former study has
explained the DSP technique in terms of the sample domain

[17].
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1. Impulse Response and Frequency Response of the SLB System

In the N-element ULA, the signal field arriving from ¢ is
measured at locations d - n of NV elements with spatially equal
distance 4, expressed as:

r(n,¢) =aln,¢) -p(n,¢) n=0,1,..N—1
=a-p(n¢) ©)

where a(-) and p(-) represent the amplitude and phase dis-
tributions of the elements, respectively, while ¢ is the arrival
angle perpendicular to the ULA. For isotropic and far-field
radiation, the distribution of a(+) is uniform over all #» and
becomes a constant a. The phase difference between the adja-
cent elements is consecutively delayed, corresponding to the
direction of ¢. This denotes the response of the array, which
can be expressed as follows:

p(n, @) = exp(j2m-singp/A-d-n)
Or p(n,u) = exp(j2mu/ugn) 4

where A and d represent the wavelength of the signal and the
equal distance between the elements, respectively.

N samples of the measured signal in the ULA have a fixed
spatial sampling distance of & between samples, spatial frequency
u = sing /A by equal phase difference between samples, and a
spatial sampling frequency of ug = 1/d [5, 12].

r(n,u) = a-exp(j2ru/un) n=0,1,..N —1 (5)

The output of the array eventually constitutes a discrete
sequence of r(n, @) satisfying the DSP technique, and can

produce a function of spatial frequency « through DTFT.

DTFT
Spatial domain of the array (2 =0,1,..N-1) «—

Spatial frequency domain (u periodic with uy)

Inverse DTFT:
ug/2 L u
i2m—n
= [ R -e T ©
where
[oe] s 1
R(u) = En r[n]-e 2 )

r[n] represents a discrete set of samples r(n, ¢) measured in
each element.

Fig. 4 displays a block diagram specifying the mathematical
expressions for the input/output signal and the impulse responses
of each stage in the proposed SLB system. For the target signal,
x[n] denotes the output set of the array and input set of the
SLB system, y[n] denotes the output set of the spatial DLC
in the proposed SLB channel, while z(¢) denotes the output

of the beamformer in the main beam channel for detection. The

noise signals are denoted as nx[n], ny[z], and nz(¢$) with
respect to the target signal. Furthermore, the final output signals
of each channel are denoted by main? and sib?, in which the
target and noise are still mixed.

We denote the impulse responses of the spatial domain and
the spatial frequency responses in each channel using Egs. (6)
and (7). In this context, hg[n] and Hg(u) indicate the beam-
former in the main-beam channel, whereas hg[n] and Hg(u)
refer to the spatial DLC in the SLB channel. We define the
normalization constants agp and a,pyc, respectively, for the

constraint "noise gain = 1.

hgn] = app - hgpln],  apr = L
Yol herlk]|?
holn] & Hp(w) = age - Hpp(u) ®)
hs[n] = a;prchprelnl, apre = .
VZi_ilhorclk][?
hg[n] = Hs(w) = apprc - Hpre(w) ©

Since the SLB system satisfies the conditions for DTFT,
which particularly has an equal spatial sampling distance of & for
all », it can also be considered for digital FIR filtering. hp[n]
represents a filter matched to the array response vector for the
boresight ¢, , =0 as well as the conventional frequency-
selective digital filter of finite length [5]. This indicates that we
can design /V coefficients of hz[n] for the directivity to reach
a maximum frequency response at Uoox = sin ¢, , /A =0.
Similarly, we can observe the hg[n] of Eq. (2) as the frequency-
selective FIR filter, with two coefficients for the frequency
response with the null at u,,5= 0. In addition, for causality, we
designed the length of the FIR filter in such a way that the nth
output uses only the samples of the 7th elements, with i < n at
an observation time, as in Eq. (2). Thus, the designed FIR filter
is causal for 7.

Eq. (10) shows the general form of the output g[m] in a
causal discrete FIR system, which is analogous to the discrete
convolution of f[m] with coefficients of h[m] in Eq. (11)
[14-16]:

M-1
giml=) b flm—kl (10)

m=0,1,..,.M—-1,

_ [bm
h[m] = { 0 otherwise. (11)

The impulse response h[m] has a finite length of M.
This general form can be used to obtain the output of the

FIR filter in Fig. 4, according to the discrete input sequence of
r(n,u;) in Eq. 5):
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M-1
ginl= ) el rln—ku]

U; M=t U;
= a-exp(jZn—n)Z h, [k] exp(—j2mr—k)
uS k=0 uS (12)

r(nu;) Hy (uy),

where g[n] represents the output of a FIR filter, h,[n] denotes

any impulse response in Fig. 4, and u; is the spatial frequency

of the input samples related to the arriving direction ¢.

Since the input set r[n,u;] is a complex exponential, the
nth output g[n] finally represents the multiplied form of the
nth input sample r(n,u;) and Hy(u) at u;: H,(u) represents
the spatial frequency response of M-length hy[n] FIR filter.
Specifically, H, (u;) indicates the value of the frequency response
designed for frequency-selectivity according to the input spatial
frequency. Eq. (12) can be further understood with digital FIR
filtering as follows: the length of the frequency-selective FIR
filter, and the steady-state response of the FIR system:

(1) We designed the M-length of hy[n] to extract the desired
spatial frequency-selective response, for example, the di-
rectivity and the null. Thus, the number of valid output
samples depends on the M. If M is greater than the number
of input samples /V, we cannot obtain the valid output with
the designed frequency-selective response of M < N, which
is a necessary condition for Fig. 4. In the spatial DLC in the
SLB channel, the output y[n] has valid output samples of
N-1,n=1,..., N-1, since hg[n] satisfies the causality of the
first difference operation and is 2-length in Eq. (2). In the
case of the beamformer in the main beam channel, for N-
length hg[n], the only N-1th output is valid:

N-1

2u)=gIN=11= )  hylkIx[(V ~1) ~ k]

=x(N—1,u;)- Hg(w)
= ay exp(j2nu;/ug- (N — 1)) - Hg(w;) (13)

The output with one sample no longer has a variable of # in
the spatial domain, and is related to the spatial frequency re-
sponse at Uy, as in Eq. (13).

(ii) If the input of the FIR system is a complex exponential, as
in Egs. (5) and (12), the H,(u;) in the output is referred to
as the steady-state response of the system [14]. It represents
the spatial frequency response at u; in steady state, such as
a pass-band or a stop-band. In addition, the steady state in-
dicates holding its frequency response for all observations
[14-16]. Consequently, the H, (u) with the input-complex-
exponential must persist for 7 of any output. In particular,
the steady state response H,(u) has no more statistical
meaning, such as averaging over 7. On the other hand, the
first term in Eq. (12), representing the value of the current
input sample, becomes only a factor for scaling the ampli-
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tude and shifting the initial phase independent of the system
response. Therefore, it is regarded as an ignorable complex
constant of the system response.

2. Target Signal

The target signal sampled at each element, x(n, u,), refers to
the complex exponential form generated along with the target’s
amplitude and spatial frequency [19]:

x(n,u,) = o, exp(j2nu,;/usn) n=0,1,..N —1 (14)

where
o;: RCS or amplitude of the target,
u; = sin(¢;) /A : spatial frequency of the target,
¢, arriving angle of the target.

As in Eq. (3), the instant amplitude of x(n,u,) at an arbi-
trary time has the same deterministic value o, for all 7. Thus,
we obtain the target’s input power of x[n] in Fig. 4:

P, = E{|x[n]|?} = GEE{ 2} =0 (15

o Ut
exp(j2r—n)
u’S

where E{-} denotes the expected value for all # in the spatial
domain.

We summarize the target output signal in the proposed SLB
channel. First, using Eqgs. (9) and (12), the output set of the
spatial DLC y[n] consists of:

y[n] = Z:hs k] -x[n—kln=12 ..,N—1

i u
= o exp(JZHu—tn) - Hs (uy) (16)
S

According to the null at uj,0=0 in Egs. (2) and (9), if the
target of y[n] is on the boresight u; = Ujyek, the frequency
response Hg(u;) becomes zero, thatis, y[n] = 0,if «, = U oo

Next, the proposed SLB channel passes y[n] through the
non-coherent integrator, which calculates the energy of y[n]
through the total sum of the input power, as specified in Fig. 4.
We obtain the target output signal for slb? by employing E,
the modified energy by ay; to satisfy the noise normalization

constraint in Eq. (18).
N-1

By = ) YIKIP =V -1 flHs@)l? (17
k=1

Ey =ay; - E, ay; =1/(N-1) (18)

Finally, we obtain the target output signal for main? in Fig.
4. The output power in main? can be mathematically ex-
pressed as the squared magnitude of the beamformer—the out-
put signal z(u) of the main beam former is in accordance with
z(¢). As mentioned in the steady-state response of the FIR
system with complex exponential inputs, the expected value of
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the output z(u) for all #» becomes unimportant. Therefore, we
obtain the target output signal in main? as power P,:

B, = |z(up)|? = of - |Hg (uy)I? (19)

3. Noise Signal

Contrary to a target signal with a deterministic amplitude,
the expected value for all 7 can be calculated using an autocorre-
lation function, since noise power is a random variable [14-16].
Let o and m be the average noise power in the output of each
element and the lag amount of the autocorrelation function,
respectively. Since nx[n] is uncorrelated between the elements,
the autocorrelation function p,y (M) can be expressed as
follows:

Pnxnx [m] = 0-1% : 6[m] (20)

The average power of nx[n], Py, is considered to be equal
to the autocorrelation function’s quantity at 7 = 0:

P = E{nxz [n]} = Pnxnx [0] = 0-7% (1)

For the output noise signal ny(n) of the spatial DLC, the

autocorrelation function and its average power are denoted as

follows [14-16]:

Pnyny [m] = Pnxnx [m] * hg[m] = hs[—m] (22)

where * is a discrete convolution and represents a complex
conjugate.

2
Pny = E{nyz [n]} = pny,ny[o] = 0-7% Zk=1|h5(k)|2 (23)

For the final output noise in slb? by the non-coherent inte-
grator, we obtain the energy of the input noises, Ey,, = (N —
1)P,y, as in Eq. (17), and then normalize it using the noise
constraint constant @ :

Eny =ay,(N—1DPy, ay;=1/(N—1) (24)

Next, we consider[ the noise signal in main?. The output
noise set nz(n) of the beamformer can be represented in the

same manner as Eqs. (22) and (23).

Pnznz [m] = Pnxnx [m] * hg[m] * hg[-m] (25)
N-1

Pas = Bz [} = pronsl0] =02 ) Ihs(OF (20

Finally, we review the output noises E'ny and B,, of the
two channels, along with the noise constraint constants.

2
Eny = Pny = O-r% Z |hs(k)|2
k=1
N-1

B, = Unz Zk=0|h3(k)|2 27

where

2 2
D hsGOR = lawoucl ) IhspcGO? = 1
k=1 k=1
N-1 N-1
D IheOF = lagl ) Ihpp(o)l? =1
k=0 k=0

Though the output noises E,, and PB,, have individual
gains in proportion to the input noise power oy, all gains be-
come "unit gain =1" by a,p;¢ and app. Therefore, all output

noises in Fig. 4 have the same value of o;.

an=Pnz=Pny=Eny=O-13 (28)

4. Input/Output SNR and SLB-Ratio Function

This section presents the input and output SNRs of each
channel as well as the SLB ratio between the two channels for
the SLB decision using equations of the targets and noise signals.
For the performance comparison, the output SNR of the conven-
tional SLB channel, SNRg, cony, is further defined as Eq. (32).
We assume that the conventional SLB uses the one-element
output of the array antenna or the non-coherent integrator of
the elements with noise normalization [9], SNRgy cony, which
has the same SNR as the input. The input/output SNR can
then be expressed as:

Input SNR of the SLB system, as shown in Fig. 4:

SNRip = P[Py = o'tz/o-r% 29

Output SNR of the main beam channel:
SNRmain = P;/Pnz = SNRin - |Hp(up)|? (30)
Output SNR of the proposed SLB channel:
SNRsip = By/Eny = SNRin - [Hs(uo)?  (31)
Output SNR of the conventional SLB channel:
SNRsip_conv = Pe/Pux = 0 /07, = SNRin (32)

Next, we derive the SLB ratio of main? to slb? for the
SLB decision. The target and noise signals in the channel were
mixed and were found to be uncorrelated, indicating that they
are independent variables. Therefore, the average power of the
channel can be obtained by adding the average power of the
target and the noise.

The expected value of the SLB ratio E{Ratio} between the
output powers of the two channels is summarized in Eq. (33) by
noise normalization, depending on the output SNRs of the two

channels.
main? P,+P P/P,., +1
E{Ratio} = E —t= ‘2T ‘nz _ Az/Anz
slb?> | T B, +Eyy  Ey/En, +1
SNRgin +1
T a——— (33)
SNRyp + 1
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Substituting the equations of the output SNRs, we can obtain
the SLB ratios depending on the SNR;;, u;, and the spatial
frequency responses of two channels, as follows:

SNRi, - [Hp(u)|? + 1
SNRy, - |Hs(ue)? + 1

Extending u, to the entire spatial frequency domain, we can

E{Ratio} =

(34)

compare the SLB ratio functions between R(-) of the proposed
SLB and Ry, (*) of the conventional SLB.

SNR;, - |[Hg(w)|* + 1

R(ul SNRLn) = TR
SNR,, -« |sin(nu—)| +1 (35)
S
where a is 2, as indicated by Egs. (2) and (9).
SNR;, |HB(u)|2 +1
SNR;, + 1 (36)
The different component of Egs. (35) and (36) is the

sin(ru/ug) term of Hg(u) in the denominator, which creates
a null at u = uyek. Thus, for a target near ujpqk, the R(*)

Reony (U, SNRin) =

may be approximated to SNRy;, 4, which is significantly great-
er than Rconv(')3 if Uy = Ugooks R(ulook) > Rconv(ulook)-
However, for a target in the sidelobe region, it becomes gradu-
ally smaller because of sin(-). Compared to R pn, ("), R(*)
provides a distinguishable ratio with respect to # and then en-
sures an excellent SLB performance, which ultimately decides
whether the target originates from the sidelobe or otherwise.
The various target scenarios for the SLB ratios are listed in
Table 1, while the SLB ratios of Egs. (35) and (36) are illustrated
in Fig. 5. We employed the Taylor window with an SLL of

Table 1. Target scenarios for the simulation (Element # 16, Gsvg =
11.35 dB with Taylor 30 dB SLL)

SNR i (dB) SNR;,(dB)
Case 1l 10 —1.35
Case 2° 13 1.65
Case 3 16 4.65

Gsve = SNR gain of the beamformer in the main beam.
SNRi, = SNRuin — Gsnr
*A typical minimum-detectable target in the radar.

—— casel
—— case2)|
case3|

16.11 ——casel
15 — case?| 15

10 -10
-0.5 -0.25 [ 025 0.5 -0.5 -0.25 [ 0.25 0.5
Normalized spatial frequency u withus Normalized spatial frequency u with ug

(a) (b)
Fig. 5. Graph of R(#, SNRi) and Rew(s, SNR:) for the targets in
Table 1: (a) proposed SLB channel and (b) conventional
SLB channel.
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30 dB for tapering in a 16-element ULA.

For Case 2 in Table 1, the target with a 13-dB SNR,,,4in
represents a commonly minimum-detectable target in the radar
detector. The signal would be injected with 1.65-dB SNR;,, at
the input of the beamformer to obtain SNRy4;;, =13 dB at
Uygok for this simulation. Compared to the minimum-detectable
target with 13-dB SNR,,4;, in Case 2, Case 3 represents a
more easily detectable target with 3-dB higher power, while
Case 1 represents a low-RCS target with 3-dB lower power.

We generated the target signal arriving from the individual
of all  and then calculated the SLB ratios in Fig. 5. For the
Ujpor Within the mainlobe, R(*) in (a) has a large value close
to SNRyqin, but the R opny, () in (b) has a relatively low value.
Conversely, in the sidelobe region, R(-) gradually decreases to
be lower than Ry, (+). Furthermore, for the identical target
case, R(-) has a value that is 2-6 dB higher than that of
Reonv () at Ugok, and a lower value in the sidelobe. We can
observe that R(-) provides considerably distinct ratios for vari-
ous target scenarios according to SNR;;,.

IV. OPTIMAL SLB THRESHOLD AND
SIMULATION RESULTS

In this section, we estimate the SLB thresholds suitable for
the desired targets using the derived SLB-ratio function. The
results are demonstrated through 10,000 Monte Carlo simula-
tions.

For practical situations, a cos-shaped element pattern was
used to simulate a target signal [20].

fe(@)? = cos3/% ¢ 37

1. SLB Thresholds Appropriate for the Targets

The radar system generally regards a 3-dB beam width as the
detection region, while the blanking region of an SLB indicates
the regions that exclude the detection region. We determined
the SLB threshold of the boundary separating the detection and
blanking regions as the value of the SLB-ratio function at a 3-
dB beam width of tusz4p using Fig. 5.

Table 2 indicates the SLB thresholds—the SLB-ratio func-
tion’s value with respect to a wanted SNR;; and Fuzgp. It is
evident that Th 2 is applicable for the typical minimum-

Table 2. SLB thresholds for +u34p (detection region) corresponding
to a low-RCS target and a detectable target

TH. dB
SNRuin(dB) sup (4B)
R(u3dB'SNRi‘n) Rconv(uSdB'SNRin)
Th1 10 7.50 5.40
Th2 13 10.23 6.50
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detectable target with 13-dB SNR,4;p,, while Th 1 is appropri-
ate for a low-RCS target with 3-dB lower power.

THg g by R(:) of 10.23 and 7.5 dB refer to the proposed
SLB channel, 6.5 and 5.4 dB by R;y,,(*) refer to the conven-
tional SLB channel in the simulations. The proper SLB
thresholds by R(:) for the detection region are much higher
than those by R ony,(+), thus performing robust SLB decisions
in noisy environments or with the low-RCS targets. This is
because the proposed SLB channel increases R(-) significantly
within the detection region as mentioned previously. In contrast,
6.5-dB Th 2 by R;onyy (1) has an insufficient difference relative
to the noise even for the minimum-detectable target of 13-dB.
Furthermore, Th 1 for a low-RCS target is severely lowered to
5.4 dB, we can predict that the lower threshold will lead to the
performance degradation. The superiority of the SLB thresholds
by the proposed SLB channel was verified in more detail in the
simulation results.

2. Simulation Results

The Monte Carlo simulation generated the test signal with
the noise at every « point of the target scenarios in Table 1, es-
timated the SLB ratio, and processed the SLB decision with
reference to the SLB thresholds in Table 2. The same proce-
dures were repeated 10,000 times at each z.

With reference to the figures depicted in this section, the legend
"sDLC + NCI" pertains to the proposed SLB channel and
"Conventional" pertains to the conventional SLB channel.

In (a) of Figs. 6-11, the y-axis of "Target Existence Decision#"
denotes the number of decisions about the target-in-mainlobe
at each u. Specifically, the SLB determines that the angle of the
test signal is the mainlobe and does not blank it—it is interpret-
ed as either the detectability of the target-in-mainlobe or the
blanking ability of the target-in-sidelobe. This represents SLB
performance at a specific u.

In (b) of Figs. 6-11, the y-axis of the "Probability mass func-
tion" represents the proportional quantity of "Target Existence
Decision#" at each  to the total decisions taken in all . It repre-
sents the probability density of "Target Existence Decision#" in
the # domain, also known as the discrete density function [21].
This indicates the reliability of the SLB performance in a par-
ticular # compared to all other # domains. Notably, the proba-
bility mass function fi 4.y, (%,) has a sum value of 1 for all u:

0.5
ZA frgemr (@) =1 (39)
=-05

where 1, is # normalized with ug, @, = u/u.
We analyzed the performance results of the SLB synthesis
and thresholds with the following indicators:
1) The amount of "Target Existence Decision#" within us4p
represents the detectability of the target-in-mainlobe in the

detection region, meaning the frequency of a target-in-
mainlobe decision occurring in the mainlobe. If this value is
low, many of the target-in-mainlobes are blanked by SLB,
thus reducing the detection probability of a radar.

2) The distribution of the probability mass function identifies the
region where the decision probability of the mainlobe target
occurs intensively.

3) The partial sum of the probability mass function within
tusgp involved a reliability in the detection region relative to
the entire u domain. This is an important indicator of a low-
RCS target because an improper SLB threshold or an insuf-
ficient SLB ratio can frequently blank the target with low
SNR4in in the detection region. Thus, we have displayed
the quantities in tabular form. Additionally, an unfavorable
SLB ratio and SLB threshold of a low-RCS target are in-
herently difficult when it comes to satisfying overall perfor-
mance. Hence, a reasonable threshold may be acceptable.
Although there is a disadvantage of low detectability of "Tar-
get Existence Decision#" in the detection region, it is suffi-
cient to satisfy fewer blanking errors and high reliability in
the detection region. Nevertheless, in the proposed method,
an appropriate threshold exhibits superior detectability with
high reliability in the detection region.

4) The remaining partial sum within the +uz4p involved a
blanking error in the blanking-region:

1= Y7 £ (W) (39)

Despite the blanking region, the SLB incorrectly makes a
decision as the target-in-mainlobe and does not blank it. This
further relates to the blanking ability of the target-in-sidelobe.

2.1 Results of the threshold appropriate for a minimum-detectable
target

Initially, we set THg;p as Th 2 applicable for the typical
minimum-detectable target in Table 2, the input target scenarios
in Table 1 were simulated. The results are presented in Figs. 6—
8 and Table 3.

For Cases 2 and 3 in Figs. 7(a) and 8(a), since the input
targets have enough SNR,,4in of 13-dB or more for Th 2,
"sDLC + NCI" and "Conventional" both exhibit good detecta-
bility of the target-in-mainlobe in the detection region. However,
due to the false SLB decisions in the sidelobe region in the (a)
of Figs 7 and 8, "Conventional" shows poor reliabilities across
compared to "sDLC + NCI". In contrast, "sDLC + NCI" has
the intensive shape of the probability mass function only within
the detection region in (b)s, ensuring excellent reliability across .

For Case 1 of a low-RCS input target in Fig. 6, its signal of a
10-dB SNRqin at Ujpex is significantly lower than that of
Cases 2 and 3 as well as the target's SNR subject to Th 2. Thus
the estimated SLB ratio is also reduced relative to Th 2—
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Fig. 6. Results for Case 1 (input target with SNR,,4;, =10 dB at
Upor): Th 2 for the target with SNRuwar = 13 dB. (a)
number of decisions as the target in the mainlobe and (b)
probability mass function of (a).
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Fig. 7. Results for Case 2 (input target with SNR,;, =13 dB at
Uoor): Th 2 for the target with SNRuswxase = 13 dB. (a)
number of decisions as the target in the mainlobe and (b)
probability mass function of (a).
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Fig. 8. Results for Case 3 (input target with SNR4;, =16 dB at
Upor): Th 2 for the target with SNRawwar = 13 dB. (a)
number of decisions as the target in the mainlobe and (b)
probability mass function of (a).

Table 3. Partial sum of f; gy, (u;) within Fuzsp (Th2)

tuzgp
Input target Rinain at Zi frgenn (i)
look (dB) :
sDLC+NCI Conventional
Case 1 10 0.90 0.19
Case 2 13 0.86 0.25
Case 3 16 0.75 0.35

Th 2 (dB) = 10.23 (sDLC + NCI), 6.50 (Conventional).
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meaning that we have an insufficient difference between the
estimated SLB ratio in Case 1 and Th 2. Therefore, as ob-
served in Fig. 6(a), the "Target Existence Decision#" occurred
slightly in both "sDLC + NCI" and "Conventional." More
severely, "Conventional" increases the overall blanking error in
the blanking region. However, "sDLC + NCI" still guarantees a
good reliability across « in Fig. 6(b).

Specifically, in Table 3, "sDLC + NCI" of Case 3 has high
reliability of 0.9 in the detection region despite the low detecta-
bility, owing to the lower SNR;,—meaning that almost all
decisions of the target-in-mainlobe occur correctly near uy,0p.
Cases 23 of "sDLC + NCI" guarantee the reliability of 0.75
and 0.86 near the detection region, and moreover, Case 3 has
perfect decisions of 10,000 near uy0x. On the other hand, the
reliability of "Conventional" in the detection region decreases
from 0.35 and 0.25 for Cases 2-3 to 0.19 for Case 1, specifically
indicating the deterioration of the overall performance with the
lower SNR,.

Th 2 of "sDLC + NCI" has much better overall performance
than Th 2 of "Conventional," and is reasonable even for a low-
RCS input target due to the high reliability in the detection
region. The following section indicates that having an appropriate
SLB threshold for a low-RCS target can improve the results of
the "sDLC + NCL"

2.2 Results of the threshold appropriate for low-RCS target with
SR getectarie =10 dB

We reset THg;p as Th 1 ppropriate for a low-RCS target in
Table 2, and equally simulated the input target scenarios. The
results are presented in Figs. 9-11 and Table 4. We compared
the results of different SLB thresholds Th 1-2 for the identical
input targets. The value of Th 1 decreases with SNR;;, of a low-
RCS target compared to the value of Th 2.

In the results of "Conventional," comparing (a) of Figs. 6-8
and (a) of Figs. 9-11, numerous errors in the SLB decisions oc-
cur outside the detection region. Since a severe low value of 5.4
dB for Th 1 frequently considers the noise to false target. Be-
sides, across all # the "Target Existence Decision#" increases
slightly owing to the lower threshold. Thus, using Th 1 instead
of Th 2 improves detectability slightly better in the detection
region, but significantly reduces the blanking ability in the
blanking region. We also observe that the values of the proba-
bility mass function at U0, decrease further in (b) of Figs. 9-
11, and eventually the reliability of the detection region of Case
1 deteriorates from 0.19 to 0.17 in Tables 3—4.

In the results of "sDLC + NCI", Th 1 is significantly re-
duced by approximately 3 dB—from 10.23 to 7.50 dB. There-
fore, comparing (a) of Figs. 6-8 and (a) of Figs. 9-11, the "Target
Existence Decision#" increases remarkably across all z. Specifi-
cally, for Case 1 in Figs. 6 and 9, it increases by more than 30%:
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probability mass function of (a).

Table 4. Partial sum of figepy, (u;) within +ugzsp (Th 1)

Ziu3d3f )
Input target SNRmain at ; tgtmL\ti
Uiook (dB) ]
sDLC+NCI Conventional
Case 1 10 0.75 0.17
Case 2 13 0.70 0.23
Case 3 16 0.62 0.31

Th 1 (dB) = 7.50 (sDLC+NCI), 5.40 (Conventional).

by 3,628 at *uszyp and by 3,259 at u;p0. Despite the 3 dB
lowered threshold of Th 1, blanking error is rare in the blanking
region unlike in the results of "Conventional", thereby guaran-
teeing the superior reliability compared to Th 2. Furthermore,
Cases 2-3 for Th 1 have perfect decisions of 10,000 within the
detection region, and the distribution shapes become maximally
clipped in the detection region by perfect decisions in Figs. 10
and 11. Note that the partial sums of "sDLC + NCI" decrease
from the values for Th 2 in Table 3 to the values for Th 1 in
Table 4. Since perfect decisions of the target-in-mainlobe are
taken beyond the detection region, not within the detection
region. In other words, reliability of Th 1 is only numerically
low, and the performance is better than that of Th 2.

V. CONCLUSION

This study proposes the synthesis method for a robust SLB
channel for low-RCS targets. This method is simply imple-
mentable to be expansible for adaptive beamforming. This
method generates a distinguishable angular pattern with respect
to the mainlobe and the sidelobe compared to the pattern of the
main beam channel. The corresponding SLB ratio has re-
markably changeable values with respect to the # domain, since
it is increased at Uy, by SDLC and decreased in the sidelobe
region by the non-coherent integrator.

We also formulated an SLB-ratio function of z, SNR;,, and
the spatial frequency response and then estimated a suitable
SLB threshold for the low-RCS target. The proposed SLB
provides much better overall performance than the conventional
SLB for various targets scenarios, especially reliability across z.
Since the difference between the SLB ratio and the SLB
threshold is ensured sufficiently by sDLC.

The proposed SLB also provides appropriate threshold for a
low-RCS input target, guaranteeing both superior reliability
without blanking error and the high detectability of the target-
in-mainlobe in the detection region. The suitable threshold for
a low-RCS target improved the SLB performance by more than
30% compared to the threshold for the typical minimum-
detectable target. Furthermore, it improved reliable detectability
in the detection region while guaranteeing blanking ability in
the blanking region with a negligible error of under 0.15.

In contrast, even for the minimum-detectable target, the con-
ventional channel exhibited a huge error of more than 0.75 in
the blanking region. The blanking error of the threshold for a
low-RCS target became more severe, increasing up to 0.83.
Therefore, the conventional SLB cannot provide reliable per-
formance for a low-RCS target. As a result, we focused on the
novel synthesis of an SLB channel for a low-RCS target.

We applied a cos-shaped element pattern to the actual array
modeling. However, there are more considerable realistic errors,
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such as errors by the Swerling target model, physical array error
of mutual coupling, and inaccurate calibration. These challenges
can be addressed by sufficient SLB ratio differences owing to
spatial DL.C, which can be easily implemented. Therefore, we
can consider developing it in complex antenna systems, such as
sub-arrays or planar arrays, based on the synthesis proposed in
this study.
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