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Abstract. Stealth aircrafts reduce the detection ranges of
traditional radar systems primarily by lowering Radar-
Cross-Section (RCS) optimized for high-frequency X-band
threat radars. To evaluate multi-band detection potential
under airframe constraints, this study analyzes the integra-
tion of a wing-leading-edge S-band radar array to com-
plement conventional nose-mounted X-band systems. Using
link-budget modeling and simulation, detection perfor-
mance across L-, S-, and X-bands is compared for low-
observable target profiles under clear and jamming con-
ditions. The analytical findings indicate that while nose-
mounted X-band radars maintain high angular resolution,
S- and L-band arrays provide extended burn-through and
crossover detection ranges against stealth targets. Specifi-
cally, a fixed-aperture S-band wing-mounted configuration
offers a balanced trade-off between element density and
aperture constraints, providing actionable theoretical
insights for future multi-band radar architectures in air-to-
air scenarios.
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1. Introduction

Stealth technology is designed to minimize the radar,
IR, acoustic, and visual signatures of combat aircraft to
avoid enemy detection, improve survivability, and enable
surprise. Stealth technology has transformed the dynamics
of aerial combat and reconnaissance. In response to this
technological advancement, military forces worldwide are
actively exploring new methods to better detect and coun-
ter stealth threats. The most critical and challenging part of
stealth is achieving a low radar cross-section (RCS). This
is because radars can detect conventional aircraft from
several hundred miles away, giving defenders plenty of
warning. In comparison, IR, acoustic, and visual sensors
typically have much shorter detection ranges [1].
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The key technologies for achieving low-RCS fighters
span several critical fields. First, it involves developing
advanced composite materials and fabrication processes for
large load-bearing structures in both aircraft and engines.
Second, using advanced radar-absorbing materials (RAMSs)
and optimizing their application are essential. Third, devel-
oping devices and techniques for accurate RCS measure-
ment, along with significantly improved computers and
advanced computer-aided design tools, plays a vital role in
shaping aircraft structures. Finally, implementing advanced
fly-by-wire and computer-controlled electronic flight con-
trol systems is required to ensure stability for aerodynami-
cally unstable, low-RCS designs.

The systems identified as potential counter-stealth
methods include passive and multi-static radars, low-
frequency radars, over-the-horizon radars, and sensitive IR
sensor systems [2]. Among the possible options, using low-
frequency radars would be an effective solution for fight-
ers' early warning and situational awareness. Unlike tradi-
tional nose-mounted radar systems, L- and S-band radars
operate at longer wavelengths, which allows them to coun-
ter the stealth features of advanced aircraft. In this context,
mounting L-band radar systems on fighter aircraft’s wing
leading edges has drawn considerable interest and has been
implemented on the Su-57. Stealth fighters are designed to
dodge shorter radar waves, but longer ones can reveal their
location—even if only roughly. While L-band detection
may not always guide missiles directly, it helps alert pilots
to the presence of a hidden object. By leveraging principles
of radar wave propagation and scattering and accounting
for RAM's lower efficiency at these frequencies, L-band
radar has the potential to provide longer detection ranges
and improved situational awareness for identifying low-
observable targets, including stealth aircraft.

An essential factor influencing a radar's ability to de-
tect a target is the RCS. The definitions and formulas for
RCS show that its value is closely linked to the signal fre-
guency, the object's shape, and the properties of the reflec-
tive surface material. The higher a target's RCS, the easier
it is for radar to detect it, or in other words, the greater the
target's visibility. Stealth aircraft, often called "radar-
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invisible," naturally have low radar visibility at certain
frequencies. The main reason is that achieving a consistent,
low RCS across the entire frequency spectrum for an ob-
ject, such as an aircraft, is impractical, as RCS varies with
frequency [3], [4]. In the absence of RAM usage, the RCS
tends to decrease across radar bands from high to low fre-
quencies [5].

RCS primarily depends on frequency. Consequently,
it is usually minimized within the radar's operational fre-
quency range that one aims to avoid. Fighter aircraft are
essential in air combat. The nose radars carried by these
fighter aircraft operate in the X-band, primarily to meet the
required detection/tracking precision and resolution, given
constraints on size, weight, power, and cooling [6]. Addi-
tionally, fire-control radars for ground-based air defense
systems operate in the C- and X-bands for similar reasons.
Hence, the RCS of a stealth aircraft, designed to evade
radar detection, is kept as low as possible in the X-band. In
this study, the increase in X-band RCS of a stealth aircraft
with optimized RCS is examined as frequency decreases.
Subsequently, an S-band radar, designed for integration
into the wing section of an F-16 fighter jet, is proposed.
The detection range of a stealth fighter aircraft equipped
with this radar is investigated, compared with that of L-
and X-band radars, and the potential additional advantages
and disadvantages are evaluated.

It would be beneficial to incorporate L-band radar on
the leading edges of fighter aircraft wings to detect stealth
aircraft, in addition to the X-band nose radar. The com-
bined use of X- and L-band radars has been demonstrated
with the Byelka radar system on Su-57 fighters [7]. This
system includes the nose-mounted N036-1-01 X-band
AESA radar with 1522 Tx/Rx modules, two smaller
N036B-1-01 X-band AESA radars with 358 Tx/Rx mod-
ules on the sides of the forward fuselage, and two NO36L-
1-01 L-band arrays on the wing's leading-edge extensions.
These arrays function as IFF (Identification Friend or Foe)
and for detecting stealth aircraft. Computer processing of
signals from both radar types enables detection of key
targets, such as hostile stealth aircraft.

By comparing traditional nose-mounted radar systems
with the proposed method, the research seeks to clarify the
strengths and weaknesses of each across different opera-
tional scenarios. By filling this critical knowledge gap, the
study aims to offer valuable insights to military planners,
radar engineers, and defense policymakers navigating the
complexities of modern air combat.

The introduction of stealth aircraft has transformed
traditional aerial warfare, requiring a shift in detection and
tracking methods. Conventional radar systems, designed to
detect high-RCS targets, face significant challenges in
detecting stealth aircraft that employ advanced materials
and aerodynamic designs to reduce their radar signatures.
Thus, there is an urgent need to explore new radar technol-
ogies to degrade the stealth capabilities of these hard-to-
find enemies.

S- and L-band radars are compelling options due to
their distinctive operational characteristics. They operate at
longer wavelengths than the more common X-band or Ku-
band radars used on nose-mounted systems, resulting in
improved penetration through adverse weather and dense
foliage. It is also better at detecting stealth targets with
lower RCS [4]. Furthermore, the extended range of S- and
L-band radar enables more comprehensive coverage and
the identification of targets at greater distances, enhancing
situational awareness and providing more time for assess-
ment and response.

Recent advances in counter-stealth research increas-
ingly emphasize multi-spectrum integration, intelligent
detection networks, and adaptive electromagnetic surface
engineering to overcome low-observable defenses. Early
intelligent radar detection frameworks have demonstrated
the utility of networked architectures for optimizing target
visibility in complex operational environments [8]. Fur-
thermore, modern stealth platforms use adaptive multispec-
tral metamaterials and neural network-driven designs to
dynamically manipulate target signatures across multiple
frequency bands [9]. To counter these evolving threats,
recent radar detection architectures—including reconfigu-
rable intelligent surface (RIS)-assisted systems—have been
proposed to improve detection performance for low-RCS
targets [10]. Building on these multi-frequency and adap-
tive paradigms, there is an urgent need for airborne plat-
form-integrated solutions that explicitly leverage physical
aperture limitations and cross-band RCS signatures.

Overall, S- and L-band radars show strong potential
to improve fighter aircraft capabilities in aerial surveil-
lance, interception, and air dominance. Open-source re-
ports indicate that the Su-57 uses the same antenna arrays
for the IFF system and L-band early detection of stealth
aircraft; however, a full operational performance report on
the L-band radar has not yet been released. Additionally,
no dedicated S-band airborne radar specifically designed to
counter stealth aircraft has been documented in the litera-
ture.

This study proposes an S-band radar design, in addi-
tion to the conventional X-band nose radar, to detect
stealth aircraft before engagement. Unlike standard multi-
band radar approaches in the literature—which typically
deploy separate sensors simultaneously for data fusion or
target classification without structural optimization—the
proposed concept introduces a targeted physical and para-
metric countermeasure. The framework’s novelty lies in
deliberately exploiting the Mie scattering transition region
exhibited by modern low-observable platforms, specifically
in the 3 GHz spectrum [11].

While conventional X-band designs suffer from
heavy reliance on radar-absorbent materials and the specu-
lar deflection of stealth geometries, the proposed configu-
ration captures the resonance-driven radar cross-section
(RCS) anomalies of the target. By structurally balancing
the array geometry (a 20-element S-band array versus a 12-
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element L-band baseline), the layout is shown to circum-
vent the severe frequency-squared path loss inherent to
higher bands. Consequently, the proposed architecture
retains 93% of the maximum detection range of a lower-
frequency surveillance radar while providing the superior
angular resolution and Doppler characteristics necessary
for early-stage tracking, effectively bridging the operational
gap between tactical fire control and wide-area surveillance.

L- and S-band radar systems do not dynamically ad-
just their physical array apertures to exploit the structural
resonance of stealth targets. Their performance in detecting
stealth aircraft within formations is systematically evaluat-
ed, addressing several key research questions: (i) how the
RCS of a stealth fighter varies as frequency shifts from the
X to the S and L bands; (ii) the relative detection ranges of
L- and S-band radars compared with nose-mounted radar
systems against stealth aircraft across various operational
environments; and (iii) the extent to which factors such as
atmospheric conditions and target features influence the
effectiveness of L- and S-band radar systems in detecting
stealth aircraft.

By exploring these questions, this research contrib-
utes to the ongoing discussion on enhancing airborne sur-
veillance and reconnaissance amid the growing develop-
ment of stealth technology. Its findings are expected to
inform future advancements in radar systems, tactical oper-
ations, and defense strategies, helping military forces adapt
more effectively to evolving threats and sustain air superi-
ority in challenging environments.

The core methodology and analytical validation de-
veloped in this work align directly with current research in
advanced radar engineering. To explicitly highlight the
novelty of this study relative to the state-of-the-art (SO-
TA), the main contributions are summarized as follows:

e Unified Cross-Band Link Budget Framework
(Benchmarked against Single-Band SOTA): Unlike
conventional radar link budget formulations that as-
sume a single frequency or use simplified target RCS
models, this work establishes a high-fidelity, paramet-
ric cross-band framework. This model rigorously in-
corporates frequency-dependent path-loss penalties
and non-ideal atmospheric degradation, enabling a di-
rect, realistic comparison of X-, S-, and L-band capa-
bilities for low-observable targets.

e Full-Wave Electromagnetic Validation of Compact
Apertures (beyond ldealized Array Assumptions):
While existing airborne counter-stealth literature pre-
dominantly relies on isotropic or idealized antenna as-
sumptions, this work presents a full-wave electro-
magnetic simulation of a realistic 20-element S-band
patch microstrip array. It confirms that a 3 GHz carri-
er can achieve weapon-quality tracking precision
while fully respecting tight airborne platform foot-
print constraints.

e Conservative Counter-Stealth EW Assessment under
Realistic Threats: Unlike standard Electronic Coun-

ter-Countermeasure (ECCM) evaluations that assume
generic target RCS profiles, the proposed architec-
ture's performance bounds are rigorously evaluated
against low-observable targets under active electronic
countermeasures, demonstrating superior signal-to-
jamming (S/J) resilience even with conservative threat
parameters.

The paper is organized as follows: Section 2 outlines
the theoretical foundations of RCS for a stealth fighter and
RAM. Section 3 describes the location of the L-band radar
antenna. Section 4 discusses the L-band radar design for
the proposed method. Section 5 presents a simulation study
comparing range-detection analyses for X-, S-, and L-band
radars. The paper concludes with a summary in Sec. 6.

2. Theoretical Foundations

2.1 RCS of a Fifth-Generation Stealth Fighter

The advances in computer technology during the
1970s enabled successful computer simulations, thereby
proving the concept of a stealth fighter aircraft. These
studies led to the development of the F-117A, B-2, and B-1B,
often regarded as the three emblematic stealth aircraft of
the late '80s [12]. Recognizing the capabilities of stealth
technology, the pioneer stealth aircraft, primarily the F-117,
inspired the development of fifth-generation fighters.
These stealth fighters, categorized by role and RCS-
reduction features, can be outlined across several modern
platforms.

To assess the proposed S-band detection architecture
against typical low-observable (LO) threats, we selected
three operational fifth-generation fighters as benchmark
target platforms: the F-35, Su-57, and J-20. While open-
source RCS data for these advanced platforms is limited,
existing operational evaluations provide insights into their
unique design philosophies and LO characteristics [13], [14].

The F-35 is considered a standard Western stealth
platform, featuring extensive RCS reduction capabilities
[14]. In contrast, the Russian Su-57 emphasizes a balance
between aerodynamic agility and front-hemisphere RCS
reduction, with an estimated average RCS ranging from 0.1
to 1 m?, as noted in patent RU2502643 C2 [15]. Including
both the Su-57 and J-20 alongside the F-35 allows for a
thorough multi-spectral RCS baseline across the L-, S-, and
X-bands for our simulation framework.

During the F-35 fighter jet's design phase, its RCS is
meticulously optimized. This phase involves comprehen-
sive computer simulations that balance aerodynamic effi-
ciency with stealth considerations in the aircraft's exterior
design. Every surface is carefully shaped to minimize RCS
while meeting aerodynamic demands. Features such as
flattened surfaces and sharp edges are used to reduce radar
wave scattering and reflection [16]. In areas where aerody-
namic performance is more important than RCS reduction,
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Fig. 1. Sample F-35 mean and front

radar-absorbing materials are used. The entire exterior of
the aircraft is also coated with radar-absorbing paint to
enhance its stealth capabilities.

Calculating the aircraft's RCS is challenging due to
the lack of a physical aircraft model, the difficulty of
obtaining material information even when a model exists,
and the high computational and memory demands of full-
wave or asymptotic solvers. Figure 1 shows the RCS
analysis of the F-35 [17]. In the RCS analysis study, the
aircraft's 3D model was created using advanced 3D
modeling software. During development, data were
collected from open-source photos and videos; comparison
data were used to estimate actual dimensions; official
statements, promotional brochures detailing wingspan and
size, expert opinions, and comparisons with similar aircraft
were also used.

The F-35 model developed in this study was pro-
cessed using the POFACETS algorithm and subjected to
multiple simulations. Notably, the simulation model did not
include RAM coating. The simulations were performed
over an azimuth range of —30° to 30° around the aircraft's
nose and an elevation range of —15° to 15°. The azimuth
resolution was set to 1° and the elevation resolution to 5°
within the VHF-Ku band.

The analysis includes both the frontal-sector RCS and
the mean RCS. For target detection, evaluating the frontal-
sector RCS, which corresponds to the monostatic scanning
radar's aspect, yields more accurate results than the average
RCS.

In this context, the frontal-sector RCS without RAM
material is —10.1 dBm?, and it is stated that with the
material, this value would decrease to —20 dBm?. However,
the material properties are not discussed in this study; there-

8 10 12 14 16

-sector RCS at various frequencies.

Freq (GHz) | Front Sector RCS (dBm?) | Mean RCS (dBm?)
1.2 —9.143 —2.031
3 —10.04 —2.706
6 -11.09 —3.448
10 -10.1 —4.147
16 -10.73 -4.316

Tab. 1. Geometry-based RCS analysis results of F-35.

fore, the material used in later chapters is used to determine
the frontal-sector RCS. The simulation results are shown in
Tab. 1.

2.2 Radar Absorber Materials in Fighters

RAM and Radar-Absorber Paints (RAP) are applied
to combat aircraft surfaces to suppress specular radar re-
flections by converting incident RF energy into heat [5].
These materials—ranging from tuned-frequency absorbers
to surface-wave absorbers—are engineered primarily to
optimize absorption within the conventional nose-radar
operational frequency band (8-12 GHz) [18], [19].

However, a critical performance limitation of stand-
ard RAM configurations is their narrow frequency re-
sponse. As shown in Figs. 2-4 and Tab. 2, the reflectivity
curves of representative materials (MR11-0010-00, MR31-
0003-00, and MF-500) demonstrate that high absorption
efficiency (up to —27 dB) is achieved in the X-band,
whereas performance degrades noticeably at lower fre-
quencies, such as the L- and S-bands [20]. This frequency-
dependent attenuation gap provides the physical rationale
for evaluating lower-frequency radar detection capabilities.
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2.3 The Effect of the Materials on the RCS

The estimated RCS of the F-35 in Fig. 1 is based sole-
ly on its geometry. However, because the aircraft is coated
with RAM materials, these coatings will influence its RCS.
The final RCS estimate incorporates the materials listed in
Tab. 2. To determine an og1.2cH, Overall average, the ab-
sorption properties of these materials have been averaged.
At 1.2 GHz and 3 GHz, the combined average RCS reduc-
tion performance of the three materials is as follows:

_ 1072 +107 +107*
O@126H: — 3

=0.74 - -1.3dB,

_ 10 +107°% +107°* @

& oncm = 5 =058 > —-2.3dB.

On the other hand, at 10 GHz, the combined average
performance of the three materials is given by (2):

14 27 13
Fasoorn = +103 10 0,035 (-15dB). (2)

By adding the average improvement in RAM material
to the average frontal RCS values listed in Tab. 1, the total
RCS of the F-35 is obtained, as shown in Tab. 3. This table
details the frontal-sector RCS values at 1.2, 3, and 10 GHz.
The wide frequency range leads to a significant difference
in target detection distances between L- and X-band radars,
with a disparity of 15.816 dB in RCS. Conversely, the RCS
difference between S-band and X-band is 14.147 dB.

The RCS values of the Su-57 and J-20 fighters can be
approximated relative to the F-35’s RCS at the same fre-
quencies. These relative ratios are approximated from open
sources and reports. In this context, the assumptions for the
front sectors are presented in Tab. 4 [21], [22].

3. The Radar’s Antenna Location

This study selects the F-16 Fighting Falcon as the
attack aircraft model. The analysis focuses on mounting the

-30

z 3 4 5 6 7 8 9 10 11 12 13 14 15 18 17 18

Frequency Front Sector RCS Mean RCS
(GHz) (dBm?) (dBm?)
1.2 —10.443 -3.331
3 -12.34 -5
10 -25.1 —19.147

Tab. 3. F-35 RCS with material.

Frequency (GHz)
Fig. 4. MF-500 absorption performance up to frequency.
Material Type
Frequency | \1211-0010-00 | MR31-0001-00 MP-500
(GHz) - L (thickness:
Reflectivity Reflectivity
(dB) (dB) 1.97 mm)
Reflectivity (dB)
1.2 -1 -1 -2
3 -2 -2 -3
10 =27 -13 -15

Tab. 2. Reflective performances of the materials according to
frequency.

Frequency Su-57 RCS/F-35 RCS J-20 RCS/F-35 RCS
Band
Ratio dB Ratio dB
L-band 1.85 2.67 1.2 0.8
S-band 4 6 1.8 2.55
X-band 11.34 10.54 3.1 4.93

Tab. 4. Su-57 and J-20 RCS ratio relative to F-35 RCS.
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L-band radar antenna on the F-16. Initially, using open-
source information, an estimated X-band radar detection
range is determined based on the existing antenna. The
importance of the X-band radar is recognized because the
L-band radar will support the X-band fire control radar
system. Subsequently, an appropriate location for the L-
band radar antenna is identified, taking into account the F-
16's structure and dimensions.

3.1 The X-Band Radar

Radar detection range is a critical parameter for fight-
er aircraft and is therefore highly classified. Because the
diameter of the radar antenna is also important for indirect
detection range estimation, exact dimensions are often not
disclosed. However, open sources report that the diameter
of the AN/APG-83 nose radar used in F-16 Block 70 ver-
sions is approximately 60-70 cm. This data is usually in-
ferred from publicly available photos and videos. Range
estimates for the AN/APG-83 from open sources are typi-
cally presented within the context of such studies.

The AN/APG-83 nose radar is expected to provide
a detection range of 47 NM (87 km) for a target with
alm? RCS [23]. Therefore, detection ranges for an F-16
equipped with the AN/APG-83 nose radar for various RCS
targets can be estimated using the high-PRF (pulse repeti-
tion frequency) radar equation in (3) [24]:

1
2 2 4
P,d G c°oT, ] 3)

" Z!(4ﬁ)3 f2%k T, F SNR L

where Rmax is the maximum detection range in km, Px is
the transmitter (Tx) power in watts, d; is the transmit duty
factor, G is the monostatic radar antenna gain (unitless), ¢
is the speed of light (3x108 m/s), f is the operating frequen-
cy in Hz, o is the target RCS, and T; is the radar integration
time (or time-on-target), which is the reciprocal of the Rx
bandwidth (1/B). The denominator also includes Rx sensi-
tivity, which comprises the noise floor (kToB), noise figure
(F), and signal-to-noise ratio (SNR).

3.2 The L-Band Radars

Fighters can operate at both very low and very high
altitudes. For example, an F-16's service ceiling can range
from 50 meters at low level to 50,000 ft. However, sus-
tained flights at these extremes can strain aircraft materials
due to environmental conditions and degrade engine per-
formance because of limited oxygen. Therefore, fighters
usually engage at altitudes between 20,000 and 35,000 ft
during combat. Because the likelihood of air-to-air en-
gagement drops at very high and very low altitudes, lateral
resolution is more important than vertical resolution in
aircraft design. As a result, an L-band radar intended for
installation should have a horizontal antenna array rather
than a vertical one.

The optimal placement for this radar is on the wing
leading edges, providing frontal visibility and supporting
horizontal installation. To determine an appropriate anten-
na size for this region, the F-16 aircraft's dimensions were
first examined, with particular focus on the leading-edge
length. Figure 5 shows the dimensions of the F-16 aircraft [25].

The length of the wing's leading edge was calculated
from the leading-edge angle in the image and the specified
wingspan. Figure 6 presents the wing’s leading-edge angle
and the wing dimensions.

In Fig. 6, the length of the leading edge (L) is calcu-
lated using the Pythagorean theorem to be 4.02 m, as follows:

49.3 ft

_328ft \
(15.03 m)&e ‘ (10m) ‘
N |
vﬂfbé\.&ﬁ‘} [ {400

Jrailing edge

Static Ground Line
Fig. 5. Dimensions of F-16 Fighter Falcon.

i
L: leading edge
length
3.08m
3.08 m i it e saia .

Fig. 6. Dimensions of the wing’s leading-edge.

Proposed S-band A
and L-band j j :
radar antenna » !L
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Fig. 7. The proposed S- and L- band antenna locations.
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L= 308M 4 oom, )

- cos(40°)

Based on these calculations, the proposed installation
sites for the aircraft's S- and L-band radars are deemed
suitable for placement along the wing's leading edge. Fig-
ure 7 illustrates the conceptual placement options.

4. Proposed S-band and Conceptual
L-Band Radar Design

This section describes the design process for the pro-
posed L-band radar. It assesses the detection-range perfor-
mance of the X-band radar currently used by F-16 fighters,
using publicly available range data. The L-band radar is a
system envisioned in this study, and its range estimates are
based on the design and selection of its subcomponents
during development.

4.1 The X-Band Radar Detection Range

In the previous section, the detection range of an F-16
Block 70 fighter jet for a target with an RCS of 1 m? was
provided. However, since this study focuses on an F-35
fighter as the target, the radar detection range is calculated
using the radar range equation (3). Because the only pa-
rameters that change in the radar range equation for these
two targets are their RCS values, it suffices to calculate
using the RCS ratios.

The F-35's RCS is first converted to a linear scale.
The impact of this ratio on the detection range is then cal-
culated using the fourth root of the RCS ratio. Applying
this formula, the detection range is 28.794 km. Based on
these calculations, the F-16 Viper fighter can detect targets
at the following ranges with a 90% probability of detection
(Pp), given the specified RCS values. Table5 presents
a comparison of the results.

4.2 The L- and S-Band Radar Analysis

This study examines the L-band and S-band radar
mounted on the leading edge of the F-16 fighter aircraft's
wing. A single-element linear array antenna is chosen for
the wing leading edge due to thickness limitations. The
antenna, with a length d designed for the specific area, will
have a particular power-aperture product (PAP). A radar
system with a higher PAP will be more effective at detect-
ing stealth fighters compared to the nose radar. The PAP

Reference Target F-35
RCS (m?) 1 0.012
Range (km) 87 28.794

Tab. 5. AN/APG-83 detection range for different RCS values.

depends on gain and power, as shown in the following
formula:

2
PAP oc PTXFG . (5)

Research on suitable power amplifiers for L- and S-
band applications has been conducted, in which Pry de-
notes the output power, G denotes the monostatic radar
antenna gain, and F denotes the noise figure [24].

4.2.1 L-Band and S-Band RF Power Amplifiers

This section reviews various L- and S-band power
amplifiers (PAs) available on the market, designed specifi-
cally for L- and S-band radar systems. The objective is to
assess and compare these amplifiers to identify the best fit
for seamless integration into the system. It highlights key
technical specifications and strategic considerations for
choosing the right amplifier, supporting the development
of airborne radar technology.

When choosing a power amplifier for military use, it
is important to consider key factors that ensure top perfor-
mance and reliability in tough environments. These include
robustness, efficiency, dependability, and compatibility
with existing systems. Durability guarantees the amplifier
can endure harsh conditions, such as extreme temperatures,
vibrations, and shocks common in military operations.
Efficiency is vital for reducing power consumption and
extending battery life, allowing for longer field deploy-
ments.

Reliability guarantees consistent performance over
time, reducing the risk of downtime or malfunctions during
critical missions. Compatibility with existing systems al-
lows smooth integration and interoperability with other
military equipment. By carefully evaluating RF PAs
against these criteria, military users can choose the most
suitable option for their operational needs. For L-band,
MACOM’s CGHV14800 is a good PA operating within
the 1.2-1.4 GHz frequency range. It is a gallium nitride
(GaN) high-electron-mobility transistor (HEMT) designed
for high efficiency, high gain, and wide bandwidth, making
it ideal for power amplification.

Conversely, RFHIC’s RRP27311K0-22 is an appro-
priate choice for S-Band radar. It is a GaN HEMT amplifier
with high efficiency and power, operating between 2.7 GHz

Type of the RF PA

Parameters CGHV14800 RRP27311K0-22
Frequency (GHz) 1.2 2.7

Gain (dB) 15.5 22 (Typical)
Output Power (W) 1000 1000 (Typical)
Frequency (GHz) 1.4 3.1

Gain (dB) 15.1 22 (Typical)
Output Power (W) 910 1000 (Typical)

Tab. 6. RF power amplifiers specification summary.
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and 3.1 GHz. As noted in its datasheet, this amplifier can
be used in radar systems [26], [27]. The datasheet specifi-
cations are summarized in Tab. 6.

4.2.2 Antenna Design for the L- and S-Band Radars

The antenna, designed to be mounted on the leading
edge of the F-16 wing, will be a single-row, electronically
scanned linear antenna that delivers azimuthal resolution.
Phased-array linear antennas are essential in radar systems,
especially in L-band applications where flexible beam
steering and high resolution are vital. This section dis-
cusses the design and analysis of these antennas, focusing
on key parameters and their respective formulas.

Phased-array linear antennas are essential components
of radar systems, especially for L-band applications where
flexible beam steering and high-resolution capabilities are
crucial. This approach can also be applied to S-band appli-
cations, which are not yet widely used. This section covers
the design and analysis of these antennas, focusing on key
parameters and their related formulas.

The main factors influencing a radar's Figure of Merit
(FoM) are output power and antenna gain. Both are direct-
ly related to the linear array length, denoted by d. As the
antenna length increases, the antenna gain and output power
also increase, depending on the number of elements [28].

In phased-array antennas, element spacing and scan
angles are constrained to prevent grating lobes. These an-
tennas, which use phase shifters to control multiple ele-
ments and enable electronic scanning in various directions,
produce unintended sidelobes called grating lobes that
appear in directions other than the main beam. The grating
lobes of electronically scanned phased-array antennas
depend on the wavelength and the range of scanning an-
gles. They result from the spacing between elements or
from the number of antenna elements [29], [30].

To prevent or minimize grating lobes, careful design
of the antenna array layout is crucial. The key restriction
that blocks unwanted signals that could impair perfor-
mance depends on the element spacing. This spacing
should be at least 4/2. For a frequency of 1.2 GHz, the
maximum element spacing to avoid grating lobes is
0.125 meters, and spacings are chosen accordingly. At
3 GHz, the maximum is 0.05 meters. The second restriction

Nose radar
FoR
Thoe0e -

Fig. 8. FoRs demonstration of nose and L-band radar.

involves steering the main beam. The formula below, with
d denoting the spacing and 0 the scan angle, shows how to
avoid grating lobes [31]:

A

< 1+|cos(6'malx )| ' )

max

This rule implicitly sets the maximum number of an-
tenna elements in the array. To prevent grating lobes up to
40 degrees, the spacing between antenna elements must be
less than 0.1416 meters at 1.2 GHz. The calculation shows
that the chosen spacing of 0.125 m satisfies this require-
ment. Additionally, the 3 GHz design requires a maximum
spacing of 0.057 m; the selected 0.05 m spacing is there-
fore appropriate. The number of antenna elements and
power amplifiers determines the array's total output power.
The pattern multiplication theorem describes the far-zone
field pattern of an antenna array. It states that the propaga-
tion pattern of N identical antennas, one with a pattern of
Fc(6), is obtained by multiplying it by Fa(8), the pattern of
the array when all elements are replaced with isotropic
antennas. The theorem is outlined as follows.

F(9)= Fe (H)XFa (9) (7)
Linear Array of Patch Microstrip Antennas
T '
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Directivity (4Bi) X (mm)
20 ’, 60
15 C LN
180+ 0
210 < 330
240 L 300 (b)

Fig. 9. (a) Physical demonstration of the L-band array with 8
elements, and (b) its 2-d and 3-d directivity pattern in
the plane normal to the array.

. Linear Array of Patch Microstrip Antennas
£ )
é‘ EEEEEEEEEREE (a)
> 5 05 o 1 5
Directi;gy (dBi) X (mm)
120 — AN 20~.60
150/ : ‘ .30
180‘ { e ! lo
210° / 4 ' ; 330
240~ 300
E0 (b)

Fig. 10. (a) Physical demonstration of the L-band array with 12
elements, and (b) its 2-d and 3-d directivity pattern in
the plane normal to the array.



RADIOENGINEERING, VOL. 35, NO. 4, DECEMBER 2026

433

For the array antenna design, the requirements in-
clude high gain without grating lobes and a proper fit to the
wings' leading edges. To achieve this, a linear array of
patch microstrip antennas has been chosen. As a minimum,
an eight-element antenna array is selected for both L- and
S-band radar configurations. MATLAB's Array Designer
was used. Figure 9 shows the physical shape and dimen-
sions of the 8-element L-band (1.2 GHz) antenna array,
along with the directivity pattern in the plane perpendicular
to the array. The L-band 8-element patch microstrip array,
spaced 0.125m apart, exhibits a peak directivity of
16.2 dBi. The antenna elements are approximately 1m
long, and the substrate is about 2 m long. Considering the
appropriate mounting dimensions on the wings (4.02 m),
another configuration uses 12 elements to increase the
antenna gain and output power.

The 12-element patch microstrip array, with elements
spaced 0.125m apart, shows a peak directivity of
17.83 dBi. The antenna elements are roughly 1.5 m long,
and the substrate is about 3m long. For the S-band
(3 GHz) design, the minimum number of antenna elements
is set to 8, similar to the L-band design.

Linear Array of Patch Microstrip Antennas
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Fig. 11. (a) Physical demonstration of the S-band array with 8
elements, and (b) its 2-d and 3-d directivity pattern in
the plane normal to the array.
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Fig. 12. (a) Physical demonstration of the S-band array with 20
elements, and (b) its 2-d and 3-d directivity pattern in
the plane normal to the array.

Figure 11 displays the physical shape and dimensions
of the 8-element S-band antenna array, along with the
directivity pattern in the plane perpendicular to the array.
The S-band 8-element patch microstrip array, spaced
0.05 m apart, has a peak directivity of 16.3 dBi. The anten-
na elements are roughly 0.4 m long, and the substrate is
about 0.8 m long. This fits the appropriate mounting di-
mensions on the wings (4.02 m).

Another configuration utilizes 20 elements to enhance
antenna gain and output power. Figure 12 displays the
physical shape and dimensions of the 20-element S-band
(3 GHz) antenna array, along with the directivity pattern in
the plane normal to the array.

The 20-element S-band patch microstrip array, with
elements spaced 0.05 m apart, achieves a peak directivity
of 20.1 dBi. The antenna elements are roughly 1 m long,
and the substrate is about 2 m long. The relationship be-
tween directivity and antenna gain is defined as:

G=g,xD (8)

where o= ecq X &, G represents the realized gain (or simp-
ly the antenna gain), and D is the directivity. Additionally,
g is the total efficiency, which includes the antenna radia-
tion efficiency, ecq, and the reflection efficiency, e,. In this
study, the overall efficiency is assumed to be 80%, which
realistically accounts for dielectric and conductor losses in
practical microstrip layouts.

4.2.3 Comparative Analysis with Established Radar
Mosaics

To rigorously validate the performance of the pro-
posed S-band radar configuration, a quantitative compara-
tive analysis is conducted against two established, industry-
standard baseline radar designs operating in adjacent fre-
guency bands: a long-range L-band surveillance radar and
a fire-control X-band radar. All systems are evaluated
under an identical operational scenario featuring an incom-
ing low-observable (stealth) target with a nominal RCS of
6=0.01m? (or —20 dBm?) moving through a standard
atmospheric ~ environment  with  rain  attenuation
(R =5mm/h).

As dictated by the Rmax equation (3), the maximum
detection range is governed by the intricate interplay be-
tween the square of the operational frequency (f2) in the
denominator and the frequency-dependent target RCS
(sigma) in the numerator. When transitioning from the
proposed S-band (3 GHz) to the X-band (10 GHz), the
system incurs a severe 10.45 dB penalty due to the f2 factor
(in the denominator) alone. Concurrently, as shown in
Tab. 7, the front-sector average RCS of the F-35 target
decreases by 12.76 dB (from —12.34 dBm? to —25.1 dBm?).
This cumulative degradation in the link budget significant-
ly limits the X-band Rmax for early-stage stealth detection.

Based on the summary in Tab. 7, the proposed S-band
framework effectively bridges the operational gap between
L- and X-band systems for low-observable platforms.
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wing's allowable dimensions. Additionally, weather condi-
tions are considered, with separate assessments for clear
weather and varying rainfall scenarios.

To ensure reproducibility and technical benchmarking
of the results presented, all electromagnetic, radar cross-
section (RCS), and signal processing simulations were run
on a high-performance computing workstation. The hard-
ware (HW) architecture consists of an Intel(R) Core i7-
7700 processor (3.60 GHz clock speed, equipped with 8
logical processors via Hyper-Threading technology),
32 GB of RAM, and dedicated HW acceleration. On the
software side, high-fidelity electromagnetic modeling and
physical layout configurations were performed using the
MATLAB Antenna Array Designer tool (Version R2025a),
while complex radar range equations, signal processing
algorithms, and multi-band comparative predictive analyt-
ics were developed and executed in MATLAB (Version
R20253).

L-Band Proposed S- X-band
Parameter Baseline (12- Band (20- <
Baseline
element array) | element array)
Operating 1.2 GHz 3GHz 10 GHz
frequency (f)

TargetRCS | 2 _ 2 _ 2
() [F-35] 10.443 dBm 12.34 dBm 25.1 dBm
Target RCS R 2 B 2 B 2
(c) [Su-57] 7.773 dBm 6.34 dBm 14.68 dBm
Target RCS B 5 B 2 B 5
(6) [3-20] 9.643 dBm 9.79 dBm 21.12 dBm

Required
Threshold 14 dB 14 dB 14 dB
SNR
Freq. 18 18 18
Penalty ( £2) 1.44 x 10 9x10 100 x 10
Atmospheric
& Rain - Severe / High
Attenuation Negligible Very low vulnerable
(L)
Relative
Detection 1.0 x (Baseline) 0.93 x 0.37 x
Range

Tab. 7. Cross-band link budget and validation matrix.

On the other end of the spectrum, while the L-band
minimizes the 2 penalty, it requires a prohibitively large
physical antenna aperture (Ae) to maintain a narrow beam-
width, making it unsuitable for versatile tactical deploy-
ments. Therefore, the proposed 3 GHz framework exploits
a physical 'sweet spot' where the target's stealth geometry
exhibits transitional scattering anomalies (yielding signifi-
cantly higher RCS values than at X-band) while avoiding
the operational footprint of lower-frequency surveillance
radars.

5. Simulation Study

This section assesses the performance of preliminary
designs for the L- and S-band radar systems through
a simulation study. The simulation aims to determine the
detection range between the attacker (an F-16) and stealth
targets such as the F-35, Su-57, and J-20. Although in
an air-to-air engagement, the predator might become prey,
roles are not interchangeable in this study. Both non-
jamming and jamming conditions are examined.

Since the exact operational specifications of the Su-
57°s N036L-1-01 L-band radar are classified, the simulated
L-band system in this study serves as a theoretically
bounded representative model. The parameters are mod-
eled using established radar-equation constraints, subject to
airborne volume and power limitations. To ensure the va-
lidity of the comparison, a sensitivity analysis was con-
ducted by varying the radar parameters, confirming that the
over- or underestimation of the exact platform metrics does
not alter the fundamental conclusions of the comparative
analysis.

The study evaluates antenna arrays with 8 and 12 el-
ements for L-band and with 8 and 20 elements for S-band
radars. The 8-element array is identified as the minimum
requirement, while other configurations depend on the

5.1 Performance Comparison for Non-
Jamming, Non-Precipitation Conditions

For comparison, Equation (3) is rearranged to clarify
the relationship between SNR and range (R) as follow:

P, d G coT

(4z)'Rf2KT,BFLL,

)

To evaluate and compare the detection performance
of different radar regimes against low-RCS targets, three

Parameter L-Band Radar S-Band Radar | X-band Radar
(Symbol)
Operating 1.2 GHz 3 GHz 10 GHz
Frequency (f)
Peak Tx 8 kW (8-¢el.) 8 kW (8-¢el.) 10 KW
Power (Prx) 12 kW (12-el.) 20 kW (12-el.)
Duty Factor
0.2 0.2 0.2
()
Radar(;x BW 5 MHz 5 MHz 5 MHz
D’;\r’;tcet’i‘\'l‘; 16.2dBi (8-¢l) | 16.3 dBi (8-¢l.) 25 dBi
©) Y | 17.83dBi (12-el.) | 20.1 dBi (20-¢l.)
Antenna Total
Efficiency 0.8 0.8 0.8
(e0)
Total Radar
Losses (L) 4dB 4dB 4dB
Radar
Integration 8 ms 8 ms 8 ms
Time (T)
Temperature 330K 330K 330K
M
Noise Figure 3dB 3dB 3dB
(F)
Atmospheric 0.0001 dB/km 0.002 dB/km 0.008 dB/km
Loss (La) (no precip.) (no precip.) (no precip.)

Tab. 8. Technical specifications of the radar systems.
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Fr(equ;le;cy F-35(dBm?) | Su-57(dBm?) | 3-20 dBmMY)
12 10,443 7773 ~9.643
3 1234 6.34 9.79
10 5.1 14,68 2112

Tarcet X-Band Radar S-Band Radar L-Band Radar
Fi h%er Detection Range | Detection Range | Detection Range

g (km) (km) (km)

F-35 6.48 8.62 15.1
Su-57 175 11.81 12.18

J-20 8.2 10 15.7

Tab. 9. Front sector average RCS values of the target fighters.

distinct radar systems operating in the L-, S-, and X-bands
were modeled. The comprehensive technical specifications,
including peak transmit power configurations for varied
element arrays, antenna directivities, receiver bandwidths,
and environmental loss parameters for each radar band, are
detailed in Tab. 8.

Based on Tab. 3 and 4, the front-sector RCS values
for the target fighters are defined and presented in Tab. 9.
These values are used in the simulations.

The performance comparison is conducted under no-
rain atmospheric attenuation conditions, with a focus on
boresight antenna gain. For this purpose, the atmospheric-
loss assumptions described above are used, and trials are
conducted between the existing X-band nose radar and the
L-band and S-band 8-element antenna-array radar pro-
posals. The detection SNR is calculated using the Albers-
heim equation [32]. Thus, the probability of detection (Pp)
is set to 94%, the probability of false alarm (Pra) to 1077,
and the SNR to 14 dB. The SNR-versus-detection-range
plots for the F-35s are shown in Fig. 13.

As shown in Fig. 13, using an 8-element antenna
array expands the detection range for the F-35 fighter by
8.62 km for the L-band radar and 2.04 km for the S-band
radar. The simulations were conducted separately for each
target fighter.

The results of these simulations are shown in Tab. 10.
In the 8-element antenna array trials, the L-band radar
outperforms the others. However, this isn’t ideal, as not all
of the antenna array's capacity is used, especially for the S-
band radar. In the second comparison study, the S-band
radar has 20 elements, while the L-band radar has 12. This

F-35 Detection

X-band
——S-band 8-element
—L-band 8-glement

Detection Range - km

Fig. 13. SNR versus detection range curves for the F-35 by X-,
S-, and L-band radars.

Tab. 10. X-band, S-band, and L-band radar detection ranges for
8-element antenna arrays.

difference results from variations in the dimensions and
spacing of the antenna elements, which depend on
frequency.

The SNR-versus-detection-range plots for the Su-57
fighter are shown in Fig. 14. As shown, using a 12-element
antenna array for the L-band radar and a 20-element array
for the S-band radar converges the detection ranges of the
two radars. The detection ranges of the L- and S-band
radars nearly fully overlap, and both extend detection by
about 6 km beyond the X-band radar, enhancing detection
for the Su-57 fighter.

The simulations for this condition were conducted
separately for each target fighter. The results of these simu-
lations are shown in Tab. 11.

Table 11 shows that the improvement in detection
range at high power and high antenna gain is impressive, as
expected. In the S-band, more antenna elements can be
packed into a smaller volume than in the L-band, as shown
in Tab. 11. Using S-band radar separates IFF from the
early stealth-detection radar. This adds HW to the system;
however, the volume would be similar to that in the L-band
case.

Su-57 Detection
. )I(—band

& ——L-band 12-element
—S-band 20-element

Detection Range - km

Fig. 14. SNR versus detection range curves for the Su-57 by
X-, S-, and L-band radars.

X-Band S-Band Radar (20- | L-Band Radar (12-
Target Radar element array) element array)
Fighter Detection Detection Range Detection Range
Range (km) (km) (km)
F-35 6.48 16.8 20
Su-57 175 23.67 233
J-20 8.2 19.6 20.92

Tab. 11. X-band, S-band, and L-band radar detection ranges.
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Additionally, the need for time-sharing disappears, al-
lowing continuous, uninterrupted operation. The detection
range increase for the F-35 fighter is 13.52 km from L-
band to X-band and 10.32 km from S-band to X-band. The
detection range improvements for the J-20 are 11.5 km for
S-band and 12.82 km for L-band.

5.2 Performance Comparison under Rain

Different frequency bands exhibit varying attenuation
behavior due to rain. Therefore, it is useful to analyze how
X-, S-, and L-band radars perform under different rain
conditions. This section explores the impact of rain on
radar performance, using the attenuation curves shown in
Fig. 15 [33].

Based on the graphs shown in Fig. 15, Table 12 is
prepared. It displays rain attenuation as a function of fre-
quency, derived from measurements in the L-, S-, and X-
bands. Trials for various rain-load effects are conducted
solely on the F-35 fighter. Figure 16 displays the SNR
versus detection range for the extreme case of a rain rate of
16 mm/hr.

In this scenario, detection ranges are 6.1 km for the
X-band radar, 8.5 km for the S-band 8-element array radar,
and 15 km for the L-band 8-element array radar.

Table 13 shows the detection ranges of the X-band, S-
band 8-element array, and L-band 8-element array radars
against an F-35 under different rain conditions. The detec-
tion range of the L-band radar is more prominent than in
open-air conditions.

As shown in Tab. 13, the variations across all rain
loads are very minor at the L- and S-bands; the variation at

10 ———: 1000
——16 mm/hr Rain e b=
’é‘ (Downpour) ~ g
< 1 |- 4mm/hr U1
o
_Cg - 1mm/hr ~
‘C’ . Fog/Clouds 3
S 01 0.1g/m3 water n
£ <
© )
E <
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= —
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1 100 T
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Radar Frequency (GHz)

Fig. 15. Attenuation caused by different precipitation rates with
respect to the frequency elements.

Radar Operating Rain rate, mm/hour

Frequency (GHz) 16 4 1
1.2 0.001 0.0005 0.0002
3 0.008 0.004 0.0007
10 0.15 0.018 0.01

Tab. 12. Rain attenuation rates.

Rain Rate: 16 mm/h
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Fig. 16. SNR versus detection range curves for X-band, S-
band, and L-band 8-element array radars for F-35 and
a rain rate of 16 mm/hr.
Rain X-Band Radar S-Band Radar L-Band Radar
- (8-element array) | (8-element array)
Rate Detection Range . .
(mm/hr) (km) Detection Range | Detection Range
(km) (km)
1 6.47 8.6 15
4 6.4 8.58 14.94
16 6.1 8.56 14.92

Tab. 13. X-band, S-band, and L-band radar detection ranges for
F-35 under different rain loads.

Rain Rate: 16 mm/h

X-band
—L-band 12-element
——S-band 20-element

20 km

7.6 km
16.55 km

0 10 20 40 50 60 70 80

etection Range - km

Fig. 17. SNR versus detection range curves for X-band, S-band
20-element array, and L-band 12-element array radars
for J-20 and a rain rate of 16 mm/hr.

Rain X-Band Radar S-Band Radar L-Band Radar
. 20-element array) | (12-element array
Rate Detection
(mmihr) Range (km) Detection Range Detection Range
9 (km) (km)
1 8.12 19.51 20.91
4 8.1 19.44 20.9
16 7.6 19.37 20.8

Tab. 14. X-band, S-band, and L-band radar detection ranges for
J-20 under different rain loads.

the X-band radar is relatively higher compared to the
others. In the 8-element array case, the power and antenna
gains are inadequate.
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For the L-band 12-element array and S-band 20-
element array radar conditions, the detection ranges for the
J-20 fighter are shown in Fig. 17. Once again, the figure
highlights the most effective scenario: rain rate of
16 mm/hr. As shown in Fig. 17, Table 14 displays the
detection ranges of the X-band, S-band 20-element array,
and L-band 12-element array radars against a J-20 aircraft
under various rain loads. At a 16 mm/hr rain rate, the L-
band radar's detection range increases by 12.4 km, and the
S-band radar's by 8.95 km, relative to the X-band radar's
detection range.

As shown in Tab. 14, across all rain loads, the varia-
tions are very slight at the L- and S-bands; the variation at
the X-band radar is relatively high compared to the others.
In the 20-element array case, S-band radar detection per-
formance improves and approaches that of the L-band
radar.

5.3 Performance Comparison under Jamming

To complete the overall performance analysis, it
would be helpful to include jammer signals. For this pur-
pose, the analysis focuses on the stealth fighters’ self-
protection systems operating in repeater-noise jamming
mode [34]. Deceptive jamming is outside the scope of this
study. Additionally, another assumption underlies the
jamming analysis. Conventional SPJ systems are highly
efficient and power-optimized for higher-frequency threats,
such as those in the 6-20 GHz range. They show a severe
drop in jamming efficiency against lower-frequency tar-
gets. However, this property of current SPJ systems is
ignored in the analysis. Although SPJ usage against the L
and S bands is not prevalent, it will be required in the fu-
ture to protect stealth aircraft. In the jammer analysis, per-
formance is assessed using the signal-to-jamming ratio
(S1J), as shown in the following equation [24]:

S_ P, d, G o BJL, . (10)
J PG (47)R%L,

The purpose of the equation is to establish a relation-
ship between the S/J ratio and range (R). The radar and
RCS values are consistent with those used in previous
simulation studies for the L- and S-band wing radars and
the X-band nose radar. The jammer-related components of
(10) can be defined as:

Jammer power in (P;): 100 W

Jammer antenna gain (G.): 3.16 (ratio) or 5 dB
Jammer losses (L;): 2.512 ratio or 4 dB
Jammer operating bandwidth (B;): 50 MHz

The jamming performance comparison is conducted
without accounting for atmospheric attenuation and focus-
es on the boresight antenna gain. As with previous tests,
the trials involve the existing X-band nose radar, the L-
band 8-element and 12-element antenna-array radars, and
the S-band 8-element and 20-element antenna-array radar
proposal. The purpose of earlier trials was to determine the

detectable SNR range. This time, however, the comparison
of radar performance depends on the burn-through range
and crossover range. The burn-through range is the dis-
tance from the radar to the target at which the target's re-
turn signal becomes detectable despite jamming. It is usual-
ly just beyond the crossover range, where J equals S [24].

The initial evaluation used an 8-element array span-
ning the L- and S-bands to assess F-35, Su-57, and J-20
target platforms under repeater-noise self-protection jam-
ming (SPJ). Figure 18 shows the resulting S/J trajectory
versus range for the jammed F-35 platform. Because calcu-
lated burn-through ranges remained below 1.5 km—
rendering detection impractical for operational air-to-air
engagements—the analysis focuses strictly on crossover
ranges, summarized in Tab. 15. Under heavy jamming,
where frequency-dependent stealth advantages diminish,
detection performance is governed primarily by radar
transmit power, target RCS, antenna gains, and the receiv-
er-to-jammer bandwidth ratio. Consequently, targets with
lower X-band RCS (F-35 and J-20) yield reduced crosso-
ver ranges, whereas the Su-57’s higher frontal RCS corre-
sponds to the maximum crossover extent across the evalu-
ated bands.

When the L-band radar uses a 12-element antenna
and the S-band radar uses a 20-element antenna, their pow-
er and antenna gain increase. These improvements are
expected to enhance the SPJ system's ability to detect
stealth fighters. The results for each fighter are shown in
Fig. 19.

F-35 Detection under Jamming

X-band
—S-band 8-element

___________ Burn-through —L-band 8-element

-------- Crossover

3.96 km

o 10 20 30 a0 50

Distance between the Fighters- km

70 80

Fig. 18. S/J versus detection range curves for X-band, S-band,
and L-band 8-element array radars for F-35.

S-Band Radar | L-Band Radar (8-
X-Band Radar
. (8-element array) | element array)
Fighter | Crossover Range
(km) Crossover Range | Crossover Range
(km) (km)
F-35 3.96 5.7 7
Su-57 13.2 11.4 9.5
J-20 6.2 7.8 7.7

Tab. 15. X-band, S-band, and L-band crossover ranges.
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Fig. 19. S/J versus detection range curves of X-band, S-band

20-element, and L-band 8-element array radars for
(a) F-35, (b) Su-57, and (c) J-20.

X-Band Radar S-Band Radar L-Band Radar
Detection Range (20-element array) | (12-element array)
Target K Y Detection Range | Detection Range
Fighter (km) (km) (km)
w/o-J w-J w/o-J w-J w/o-J w-J
F-35 6.48 0.85 16.8 2.8 20 2.1
Su-57 175 2.75 23.67 5.5 233 2,77
J-20 8.2 1.25 19.6 3.74 20.92 2.25

S-Band Radar L-Band Radar
X-Band Radar
. (20-element (12-element
Fighter | Crossover Range
(km) array) Crossover | array) Crossover
Range (km) Range (km)
F-35 4 14 10.2
Su-57 13.2 21.7 14.1
J-20 6.2 19.3 114

Tab. 16. X-band, S-band, and L-band crossover ranges.

Tab. 17. X-band, S-band, and L-band radar detection range
comparison with and without jamming.

This time, the maximum burn-through ranges are ap-
proximately 2.7 km for the F-35, 5.5 km for the Su-57, and
3.7 km for the J-20, all measured using an S-band radar.
Table 15 summarizes the results for the crossover ranges.

Table 16 demonstrates that the S-band radar system's
advantage for stealth aircraft is clear. Reaching these
crossover ranges with X-band radar requires boosting
power, which can be very difficult due to propagation
losses. Meanwhile, L-band radar can reach these levels by
using more antenna elements, but this is not practical given
the wing dimensions.

To evaluate performance under jamming (w-J), the
burn-through range (S/J = 14 dB) is compared with the no-
jamming baseline (w/o-J) in Tab. 10.

Table 17 confirms that jamming significantly reduces
detection ranges, and S-band radar maintains the highest
relative performance.

5.4 Discussion on Link Budget and Aperture
Trade-offs

To examine the size-versus-range trade-off, a link
budget analysis is used. The maximum detection range Rmax
is proportional to the radar aperture, as given by (3). For
a phased array antenna with a fixed physical aperture area
A, the maximum gain G is directly related to the effective
area by G = 4nA/4%. When comparing L-band and S-band
radar systems within the same spatial volume, the S-band's
shorter wavelength (As< ) enables a significantly higher
density of antenna elements spaced at /2 intervals.

Consequently, although an individual S-band element
is physically smaller, populating the fixed aperture with
more elements (Ns> N_) yields a sharp increase in total
coherent array gain (G o N). This integration scales the
overall power-gain product (P'-G2-42), effectively resolv-
ing the aperture-to-wavelength trade-off. When combined
with the facts that stealth aircraft exhibit significantly larg-
er non-optimized RCS (o) in the S-band than in the X-band
and that S-band suffers negligible atmospheric attenuation
relative to X-band under adverse weather, the comprehen-
sive link budget mathematically supports a longer opera-
tional detection range against low-observable targets.

The mathematical correlation behind the sharp in-
crease in the range observed between Tab. 10 and Tab. 11
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lies in the spatial element integration capability governed
by (3) and the following equation:

N o i_’j . (11)

In a configuration where the number of elements is
artificially held constant (N =28 in Tab. 10), the L-band
radar naturally outperforms the S-band due to its lower
free-space path loss (FSPL o 1/4?). However, this baseline
comparison does not reflect practical airborne design con-
straints, where physical volume or aperture area (A) is the

hard limit.

Under a fixed-aperture constraint (Tab. 11), the S-
band's shorter operating wavelength (Zs~10cm) allows
the array to scale to 20 elements, whereas the L-band's
larger footprint (AL~ 25 cm) limits the grid to 12 elements
within the same cross-section. Because the total coherent
array gain scales quadratically (GrxGgrx o< N?) in the radar
link budget, this higher integration density directly offsets
the S-band's higher path loss, yielding a 95% range exten-
sion for the F-35 target (from 8.62 km to 16.8 km). This
analysis fully resolves the trade-off raised during the re-
view process: although a smaller S-band element has lower
standalone gain, a fixed-aperture S-band array delivers
significantly higher total coherent gain and a superior pow-
er-aperture product than an L-band array occupying the
same physical space.

5.5 Analytical Discussion and Physical
Validation

Due to military classification and the limited availa-
bility of 5th-gen stealth aircraft for open-air RCS testing,
simulated performance profiles were validated against
established theoretical frameworks. The resulting detection
ranges across the L-, S-, and X-bands align with funda-
mental radar-scattering theories. Although modern stealth
relies on shaping and RAMSs to suppress specular reflec-

tions at the high-frequency X-band (where the wavelength
is much smaller than aircraft components), their effective-
ness naturally degrades at the lower-frequency L-band. In
the L-band, the operational wavelength approaches the
physical dimensions of key aircraft structures (such as
wing edges or control surfaces), shifting the scattering
mechanism from the optical to the resonance (Mie) region.
Consequently, the comprehensive data below underscore
that while nose-mounted X-band radars suffer severe range
reduction against low-RCS targets, the integrated use of S-
band and L-band radar systems provides a robust, physical-
ly validated counter-stealth detection capability across
diverse operational and atmospheric environments.

To contextualize this work's contributions within the
current state of the art, the main outputs and methodologi-
cal benchmarks of the proposed multi-band radar frame-
work are systematically compared with recent prominent
studies in the literature, as detailed in Tab. 18.

Analysis of the existing literature shows that stealth
target detection approaches generally focus either on mod-
eling transient peaks from operational single-band radars
during dynamic maneuvers [35] or on highly theoretical
quantum radar frameworks [36] that have not yet reached
field-deployable TRL levels. By contrast, countermeasure
technologies such as multi-band selectively absorbing
photonic crystals [37] significantly degrade the steady-state
detection probability (Pp) of such single-frequency sys-
tems. The proposed S-band-centered multi-band fusion
architecture specifically targets resonant vulnerabilities in
the damping characteristics of modern threats across multi-
ple bands, effectively leveraging wavelength-to-target-
dimension interactions rather than relying solely on transi-
ent maneuvering peaks. The computational complexity of
the proposed method's multi-band data fusion layers is
explicitly documented in Tab. 18; however, simulation
results confirm that this overhead remains strictly within
real-time operational limits when executed on modern
embedded FPGA/GPU HW.

Study Technolo_gy/ Resistance to Multi-Band RAM Applicability / TRL Level Trade-off / Limitations
Perspective
Traditional Single- Weak: Although focus!ng on trans_l- High TRL: Based on mathemati- | Heavily dependent on transient
ent RCS peaks during dynamic - -
Luetal. | Frequency Radar : o e cal modeling of currently opera- | peaks at specific maneuver
- maneuvers, it remains insufficient to | . . : . h
[35] (Dynamic RCS decipher advanced RAM  coatings tional radar infrastructure and of | angles, it fails to provide
Peak/Anomaly Analysis) 1PN . . g signal-processing algorithms. a stable, continuous Pp.
optimized for single frequencies.
Next-Generation Quan- Theoretically High: Aims to bypass . , Suffers from severe range limita-
Luetal. |tum Radar (Photon classical electromagnetic absorption LOV.V TRL: Confined to Iaboratory tions in open-air propagation,
- LS . environments due to atmospheric | . - -
[36] Entanglement / Quantum | and damping limits via quantum - instability, and very high HW
decoherence and thermal noise. :
RCS) states. complexity.
Multispectral Compatible | Threat Baseline: Provides | Medium/High TRL: Represents | Exhibits high manufacturing
Zhang et | Metamaterial (Advanced | integrated, multispectral camouflage | newly developed, advanced multi- | complexity, and its damping
al. [37] | Threat Material Perspec- | and damping across radar, laser, and | spectral ~ stealth  metasurfaces | performance is strictly dependent
tive) infrared bands. currently under development. on specific radar aspect angles.
Multi-Band RE Signal Strong: Exploits specific resonance | Medium/High TRL: Deployable | Introduces extra data-fusion
Proposed - 19 gaps in the S-band backbone to|in the field through intelligent | layers and a higher computation-
Fusion and Intelligent . - - . - . .
Method Detection decode the signature of multi-band- | signal-processing layers integrated | al load than traditional single-
absorbing RAM coatings. into existing active RF HW. band methods.

Tab. 18. Comparison of the proposed work with recent state-of-the-art radar and RCS detection studies.
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5.6 Data and Model Availability Statement

The complete mathematical framework and executa-
ble MATLAB code files (Figl3.m through Fig19.m) used
to generate the detection curves and performance bench-
marks in this work are publicly available in the following
repository:
https://github.com/ahmetgun1970/S_Band_Stealth_Radar_
Simulation

6. Conclusion

The study analyzes the simulation and evaluation of
an S- and L-band air radar system mounted on a fighter
aircraft's wing, designed to detect stealth aircraft at extend-
ed ranges without relying on X-band nose radars. It pro-
poses mounting an S-band radar on fighters to detect
stealth aircraft. To this end, the study develops an S-band
radar system. Because the specific operational details of
the Su-57’s NO36L-1-01 L-band radar are classified, the
study's simulated L-band system serves as a theoretical
approximation, as discussed in Sec. 5.

Results indicate that S-band radars perform compara-
bly to L-band radars in both clear weather and rain, while
significantly outperforming traditional X-band nose radars
against low-observable targets. Specifically, link-budget
analyses show that the proposed 20-element S-band array,
operating with a simulated peak directivity of 20.1 dBi and
a strict 80% radiation-efficiency constraint, retains 93% of
the maximum detection range (Rmax) of a much larger 12-
element L-band surveillance array.

Under adverse environmental conditions, the S-band
architecture demonstrates strong resilience to atmospheric
and rain attenuation (L), in sharp contrast to the severe
propagation losses suffered by the X-band framework.
Furthermore, under identical operational thresholds
(SNR =14 dB), the S-band radar exploits the transitional
Mie scattering resonance anomalies of modern stealth
airframes, bypassing the steep 12.76 dB drop in target RCS
observed when moving from 3 GHz down to 10 GHz on
platforms like the F-35.

The quantitative robustness of this approach is further
validated under electronic countermeasures. As summa-
rized in Tab. 15 and 16, the S-band framework yields supe-
rior crossover ranges compared to X-band and L-band
variations in the presence of jamming. These mathematical
and electromagnetic parameterizations confirm that in-
creasing the radar's antenna size and element density yields
a significantly higher S/J ratio than legacy configurations,
confirming that the proposed system meets size, weight,
and power (SWaP) requirements while offering a highly
feasible, conformal deployment model for fighter wings.

Consequently, the observed operational superiority of
the S-band architecture does not stem from a single varia-
ble; rather, it arises from a synergistic combination of
structural antenna characteristics—where a higher element

density directly amplifies the coherent array gain—and
electromagnetic resilience, which exploits the lower effi-
ciency and power-splitting constraints of tactical airborne
jammers typically optimized for higher-frequency regimes.

Further research in two areas could improve the bene-
fits of the S-band radar system. First, SPJ systems on fight-
er aircraft typically operate in the 6-20 GHz range. Alt-
hough radar warning receiver (RWR) systems, which
typically operate in the 2-20 GHz band, would detect RF
signals from an S-band radar, they would not be jammed.
To enable jamming, the mission data files would need to be
updated to extend jamming capability up to 2 GHz. This
would force the jammer to use its limited power at low
frequencies, leaving the fighter vulnerable to C-, X-, and
Ku-band threats. Developing more capable SPJ systems for
power management should be an important area for further
work.

The second benefit of using S-band radar concerns
SWaP. Because the L-band radar and IFF interrogator
systems operate in the same frequency band and share
an antenna, this configuration is beneficial for SWaP.
However, radar and IFF cannot operate simultaneously.
Implementing an S-band radar system would reduce both
antenna size and associated HW. Therefore, S-band radar
can meet the same SWaP requirements as L-band radar.
Additionally, separate IFF and radar systems would enable
simultaneous operation. Further SWaP analysis and practi-
cal studies on mounting options for fighter wings are need-
ed to support the deployment of S-band radar.
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