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ABSTRACT

The inlet of an aircraft engine is a primary contributor to the aircraft’s
forward electromagnetic scattering. S-shaped inlet and radar absorbing
materials (RAM) coatings have been widely adopted as effective measures
to reduce forward radar cross section (RCS). To investigate the influence
of RAM shedding on the RCS reduction efficiency, the electromagnetic
scattering characteristics of the inlet under five different shedding proba-
bilities were calculated using the iterative physical optics (IPO) combined
with impedance boundary condition (IBC). Numerical simulation results
demonstrate that the forward RCS of the S-shaped inlets increases mono-
tonically with shedding probability. In the yaw plane, intact non-magnetic
RAM exhibits better RCS reduction efficiency (RRE) than that in the pitch
plane across all scenarios. Specifically, at a shedding probability of 0.7,
the remaining non-magnetic RAM maintains an RRE exceeding 40% in
the pitch plane. Collectively, these results suggest that recoating the non-
magnetic RAM is recommended when the shedding probability exceeds
0.7 in either detection plane to sustain critical stealth performance.
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1 Introduction

Since the beginning of the 21st century, combat aircraft have been confronted with the challenge
of multi-directional detection from space, air, ground and sea-based platforms. Consequently, stealth
capability has emerged as a key criterion for evaluating the effectiveness of modern fighter aircraft [1,2].
Notably, the aircraft engine inlet is a prominent source of forward electromagnetic scattering, thereby
playing a critical role in achieving the overall stealth of combat aircraft. Advanced inlet designs must
not only optimize aerodynamic performance but also enhance stealth characteristics [3,4]. Typical
technical strategies to reduce the radar cross section (RCS) of the inlet include configuring the inlet as
an S-shaped duct and applying radar absorbing materials (RAM) [5].

Extensive research has been conducted on the internal flow field characteristics and electromag-
netic scattering properties of S-shaped inlets. Asghar et al. [6] evaluated the internal performance
of the S-shaped inlet to analyze the effects of various geometric design parameters. Their results
indicated that the streamwise and circumferential pressure gradients induce three-dimensional flow
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within the inlet, leading to exit-plane distortion. These findings provided critical insights for predicting
engine performance during high-speed subsonic flight. Aslan and Kurtulus [7] systematically inves-
tigated the influence of different turbulence models on the computational flow characteristics of
the S-shaped inlet, as well as the impact of the intake flow structures on internal flow dynamics.
Their studies demonstrated that numerical simulation can effectively capture lip separation and
secondary flow formation. However, they emphasized that more sophisticated turbulence modeling
is required to achieve high-precision predictions of pressure recovery coefficients and distortion
indices. Selvanayagam et al. [8] performed numerical simulations on S-shaped inlets integrated with
Vortex Generator (VG) vanes. Their results showed that the VGs induce additional secondary flow
in the duct, significantly reducing the pressure recovery and increasing the distortion coefficient
at the aerodynamic interface plane (AIP). This deterioration in AIP conditions was attributed to
the absence of a thick boundary layer at the inlet entrance, which amplifies the disruptive effects
of secondary flow structures. Gopaliya et al. [9] analyzed the influence of momentum transfer
technology on the inlet performance. They found that it enhances the static pressure recovery
coefficient at the outlet while minimizing the flow non-uniformity. Wang et al. [10] developed an
efficient optimization framework integrating the Kriging model and non-dominated sorting genetic
algorithm-II (NSGA-II) to accelerate the design process. Their findings revealed that index DC60
decreased by a 0.24 reduction in the total pressure distortion index DC60 at the target Mach number
compared to the baseline configuration, and a 2 dB decrease average RCS at 3 GHz, establishing
a robust strategy for aerodynamic-electromagnetic integrated optimization of S-shaped inlet and
demonstrating the feasibility of multi-objective optimization in balancing stealth and aerodynamic
performance. Das et al. [11] used the computational fluid dynamics method to study the effects of
inlet velocity, turning angle, and area ratio on the S-shaped diffuser, aiming to determine its optimal
design and operating conditions. The results of numerical analysis show that when the turning angle
increases, the transverse flow velocity becomes more significant, and the degree of flow separation
decreases; when the area ratio increases, the amplitude of the in-plane flow velocity increases, and the
flow separation at the bottom wall intensifies. Gil-Prieto et al. [12] used time-resolved particle image
velocimetry (TR-PIV) to measure the three-component velocity field at the exit plane of a double
S-shaped inlet across a range of inlet Mach numbers. Their results yielded a high-spatial-resolution,
time-resolved dataset enabling detailed analysis of unsteady flow phenomena at the exits of complex
aero-engine inlets. Song et al. [13] calculated the RCS of an S-shaped inlet using the shooting and
bouncing ray (SBR) method. To enhance stealth, they designed a conformal inductively coupled
plasma (ICP) device integrated with the inlet structure with experimental validation confirming its
effective stealth enhancement. Huang et al. [14] analyzed the effects of entrance geometry on the
aerodynamic performance and RCS of the Slide-Mounted inlet. Their findings indicated that an
equilateral triangle entrance provided superior overall stealth, while a trapezoidal entrance offered
advantages in specific angular domains. Multi-objective trade-off analysis identified the equilateral
triangle entrance as optimal for balancing aerodynamic efficiency and stealth in multi-threat scenarios.
He et al. [15] used a multi-objective particle swarm optimization (MOPSO) algorithm based on a
radial basis function (RBF) neural network to conduct a multi-objective optimization design of the
aerodynamic and electromagnetic characteristics of an S-shaped inlet with internal bosses. Two non-
dominated solutions were selected from the Pareto front and their performance was compared with
that of the original model and a single S-shaped inlet. Deng et al. [16] proposed an aerodynamic/stealth
optimization design method for S-shaped inlets based on the discrete adjoint method. The upwind
scheme was introduced into the aerodynamic adjoint equation to solve the problems of shock waves
and flow separation, and the multilevel fast multipole algorithm (MLFMA) was adopted in the stealth
adjoint equation. The back S-shaped inlet of the flying-wing layout was optimized to improve its
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aerodynamic and stealth characteristics. The aerodynamic/stealth joint optimization increased the
total pressure recovery coefficient to 0.9816, reduced the distortion index to 0.0218, and decreased
the RCS to 1.2620 m2.

The application of RAM in aero-engine has also been extensively studied. Choi et al. [17] proposed
a novel broadband radar absorbing sandwich composite (BRASC) composed of glass fiber reinforced
polymer (GFRP), a foam core, and an integrated layer of carbon nanotube (CNT) composites. The
BRASC was specifically designed to minimize the RCS of inlets. Wang [18] developed a generalized
equivalent model for thin coatings. Compared with the full-wave model, this equivalent model
retained computational accuracy without introducing additional unknowns, thereby significantly
reducing computational resource consumption. It holds potential for applications in the design and
optimization of RAM-coated aero-engine inlets. Chen et al. [19] designed five absorptive material
coating schemes for afterburners. Using the ray tracing method, they simulated and analyzed the
impact of coating positions on the RCS distribution of the exhaust system under the S and X bands.
Their findings revealed that the flame stabilizer which has been the most prominent scatterer of radar
characteristic signals within the exhaust system achieved the most significant signature reduction
through RAM application. Lu et al. [20] investigated the influence of RAM application positions on
the integrated afterburner chamber’s backward radar scattering characteristics. Their results indicated
that the afterburner center cone and integrated struts exert a considerable impact on backward
scattering, suggesting these components should be prioritized for radar-absorbing media application.
Such findings contribute to enhancing the survivability and penetration capabilities of combat aircraft.
Collectively, these studies highlight the interdependence between aerodynamic and electromagnetic
properties, emphasizing the necessity of integrated design strategies to advance the performance of
S-shaped inlets in combat aircraft.

The primary mechanism underlying RAM shedding is the scouring effect of high-velocity airflow
during operational service. Based on literature findings [21], the dominant shedding modes of aviation-
grade coated wave-absorbing materials can be classified according to their spatial distribution and
occurrence pattern: local shedding and random shedding. Local shedding refers to the continuous
detachment of absorbing material over a specific area at a fixed location, while random shedding
involves the dislodgment of small-area absorbing material at arbitrary positions.

In summary, researchers worldwide have conducted extensive investigations on the flow dynamics
and electromagnetic scattering behaviors of S-shaped inlets. However, a significant research gap
remains in investigating the electromagnetic scattering characteristics of RAM-coated S-shaped
inlets—particularly regarding the effects of absorbing medium shedding. To address this gap, the
present work employs a hybrid methodology combining the interactive physical optics (IPO) method
and impedance boundary conditions (IBC) to quantify the impact of RAM shedding on RCS
reduction efficiency.

2 Computation Scheme
2.1 Interactive Physical Optics

The IPO algorithm is an iterative numerical method for solving the electromagnetic scattering
field of open-ended cavity, based on the physical optics approximation while accounting for multiple
electromagnetic wave reflections between cavity walls. By using optical currents and correction
currents to approximate the actual surface currents of the target, the IPO algorithm effectively
overcomes the challenge posed by large cavity depths—a critical advantage when modeling complex
geometries such as S-shaped inlets, where wave multi-bounce effects are prominent [22,23]. The basic
calculation principle of the IPO algorithm is as follows:
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J = J0 + J 1 (1)

where, J0 is initial induced currents generated by physical optical method. J1 is the correction term for
initial induced currents.

Fig. 1 depicts the open-ended cavity model, where Sa denotes the intake aperture surface of
the cavity and Sc represents the ideal conductor wall surface. According to the electromagnetic
field equivalence principle, the electromagnetic current on the inlet surface can be mathematically
formulated as:
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Figure 1: One open-ended cavity

The initial electromagnetic field generated on the inlet surface can be calculated based on the
Kirchhoff formula.
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The integral equation approach is employed to solve the magnetic field integral equation (MFIE),
with the PO method providing initial values for the iterative computation and the IPO method
calculating the current correction terms. The mathematical formulation for the corrective current is
expressed as follows:
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where, P.V . is the main value integral symbol. N represents the number of iterations. ∇ represents
Hamiltonian Operator.

→
r c,

→′
r c are the position vector of the panel elements that are not obstructed on

the wall of the cavity.

The induced current on the target surface can be calculated from Eq. (6). Also the scattering field
on the intake surface can be obtained according to Kirchhoff’s approximation formula:
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The equivalent electromagnetic field on the inlet surface can be obtained from Eqs. (7) and
(8). The scattering electric field in the far-field region generated by the equivalent electromagnetic
field on the intake surface can be obtained using the principle of field equivalence. To enhance the
iterative computation efficiency of the IPO method, a front-back iterative scheme and relaxation factor
technique are incorporated into the iterative process. The former alternates the update sequence of
surface currents on different cavity regions to accelerate error convergence, while the latter introduces
a weighting parameter to dampen high-frequency oscillations in the iterative solution, ensuring
numerical stability.

When modeling RAM-coated cavities, the IPO algorithm incorporates the IBC to characterize the
electromagnetic properties of the absorbing layer [24–26]. The IBC applies an equivalent impedance
or a partial differential equation to the interface between the scatterer and the surrounding space,
avoiding the analysis of complex electromagnetic waves within the coating layer, thus greatly simpli-
fying the calculation. The IBC is primarily applicable to non-ideal conductor surfaces or conductor
surfaces coated with thin dielectrics layers, establishing a simplified linear relationship between the
tangential components of the electric and magnetic fields on the target surface.

The vector form of impedance boundary conditions is
→
n × E = Zs

→
n × →

n × H (9)

The impedance boundary condition Zs is generally considered to be related to incident wave
angles. It can be approximated that Zs is independent of the incident angle for the RAM with a large
refractive index.

Zs = jZ0

√
μr/εr tan

(
kt

√
εrμr

)
(10)

In the above formal: εr is the relative dielectric constant. μr is the relative magnetic permeability.
t is the thickness of the RAM. k is the free space wave numbers. Z0 is the free space wave impedance.
When the material impedance matches the free space impedance, the reflection coefficient approaches
zero, resulting in the optimal wave absorption effect; conversely, the reflection coefficient increases,
and the wave absorption performance deteriorates.

When combined with the IPO method, the equivalent impedance boundary condition can
effectively solve the problem of coated dielectric cavities while maintaining reasonable accuracy.

The use of impedance boundaries requires meeting the following requirements:

1) The coating medium has a relatively large refractive index and loss;
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2) The radius of curvature of the coating surface is much larger than the wavelength of the
absorbing material;

3) On the surface of the coating material, the external field changes gently within a scale
comparable to the wavelength.

To verify the calculation accuracy of the IPO algorithm combined with impedance boundary
conditions proposed in this paper for the calculation of dielectric-coated cavities, numerical simulation
calculations were performed on the single-ended open dielectric-coated cylindrical cavity proposed
in reference [27], and comparisons were made with the experimental test values. The dimensions of
the cylindrical cavity are shown in Fig. 2, with an incident angle ranging from 0° to 50° at an angle
interval of 1°, and an incident frequency of 10 GHz. The electrical properties of RAM employed in
the simulation are in accordance with those described in reference [27] as follows: μr = 1.0 − j0,
εr = 6.11 − j0.78. The thickness of RAM used is 0.006 m.

Figure 2: Open-ended cavity with medium coated

Fig. 3 presents the angular distribution curves of RCS from numerical calculations and exper-
imental tests for the dielectric-coated cylindrical cavity. In this figure, “Experiment” denotes the
experimental results, while “IPO” represents the numerical simulation results obtained by the IPO
algorithm with IBC developed in this study. It can be observed that, under both polarization modes,
within a relatively small detection angle range, the IPO-IBC method achieves excellent simulation
performance for the RCS of the dielectric-coated cylindrical cavity within a relatively narrow detection
angle range, with the calculated results being in good agreement with the experimental data.

2.2 Random Shedding Model
In the RCS simulation of the open-ended cavity, the wall surface is discretized using unstructured

meshes. For modeling RAM shedding, the surface element meshes in the coated region adopt two
distinct boundary conditions: the perfect electric conductor (PEC) boundary for shed surface elements
and the impedance boundary for unshed elements. To accurately reproduce the stochastic nature of
RAM shedding, a random number generation function is incorporated into the processing of the
coated surface meshes, which generates a random value within the interval [0, 1]. For each mesh
element, if the predefined shedding probability Pshed is less than the random number, the RAM at
this location is considered intact, and the element is assigned the IBC. Conversely, if Pshed exceeds
the random number, the element is classified as shed, with the PEC boundary condition applied.
Mathematically, this model is formalized as:
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For element i:
{

Impedance boundary if Pshed < ξi

PEC boundary if Pshed ≥ ξi

where ξi ∼ U (0, 1) is the uniformly distributed random number for element i.

Figure 3: Numerical calculation and experimental test of RCS curve

2.3 Designed Coating Scheme
Fig. 4 illustrates the regional division of the S-shaped inlet. The S-shaped inlet with RAM coating

on region C, D, and E is assumed as the reference model without RAM shedding. To systematically
analyze the effects of shedding, the shedding probability Pshed is varied from 0.1 to 0.9 in increments of
0.2, representing low to high levels of material loss severity. The electrical properties of RAM employed
in the simulation are specified as follows: μr = 1.0 − j0, εr = 6.11 − j0.78. The thickness of RAM is
0.006 m.

Figure 4: The regional division diagram

2.4 RCS Reduction Efficiency
The RCS reduction efficiency (RRE) is a key metric for quantifying the stealth enhancement

provided by RAM. It mathematically characterizes the effectiveness of absorbing materials in reducing
electromagnetic scattering, defined as:

RRE =
∣∣∣∣σn − σ0

σ − σ0

∣∣∣∣ (11)

In the above form, σ0 is the average RCS value of the S-shaped inlet without RAM coated. σ is
the average RCS value of the S-shaped inlet with RAM coated which is not falling off. σn is the average
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RCS value of the S-shaped inlet with RAM coated which is falling off under the different shedding
probability.

3 Presentation of Results

Fig. 5 shows detection angles of incident electromagnetic waves, spanning from –30° to 30°
in the pitch plane and 0° to 30° in the yaw plane, with both intervals incremented at 1°. This
configuration comprehensively covers typical radar threat sectors encountered by aircraft in forward-
facing scenarios. The incident wave is set to a frequency of 10 GHz, corresponding to the X-band
widely used in airborne and ground-based radar systems. The wall surface is discretized using an
unstructured triangular grid, with the surface mesh size λ/9 determined based on the requirements
of the IPO algorithm. The total number of mesh elements is 45,756. A program implemented in C
language was used to integrate the IPO method with IBC for numerical analyses, and all the data were
processed and plotted using Tecplot.

Figure 5: The detection angle setting diagram

Fig. 6 shows the RCS curves of the S-shaped inlet under the horizontal polarization in the pitch
plane. Three distinct RCS angular distribution patterns are observed under horizontal polarization.
When Pshed < 0.5, the phase difference between the peaks and valleys of RCS curve remains minimal,
with small amplitude variations across the detection range. This indicates that minor RAM shedding
causes negligible disruption to the electromagnetic wave absorption and scattering cancellation
mechanisms. However, when Pshed > 0.5, significant deviations in both RCS amplitude and angular
distribution emerge within the −20° to 10° and 20° to 30° sectors compared to the intact RAM
case. The maximum difference in RCS amplitude can reach 25 dBsm at specific angles, highlighting
the critical role of RAM integrity in maintaining stealth performance. Within these two detection
angle ranges, the main reason for the increase in the RCS amplitude of the inlet when the shedding
probability is greater than 0.5 is primarily due to the direct illumination of the upper surface of Part D
and Part E. Even partial shedding exposes underlying PEC surfaces, causing specular reflections that
dominate the scattering field. The coherent superposition of these reflections with diffracted waves
from the inlet’s S-bend structure exacerbates RCS elevation in this forward-facing sector, which is
critical for head-on radar detection scenarios.
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Figure 6: RCS curves of the S-shaped inlet under the horizontal polarization in the pitch plane

Fig. 7 presents the RCS curves of the S-shaped inlet under vertical polarization in the pitch plane.
As observed, the RCS amplitude increases monotonically with shedding probability Pshed, with the
primary impact concentrated on amplitude rather than phase. Within the −30° to 0° range, direct
illumination of RAM-shed areas which are modeled as PEC conditions disrupts the incident wave’s
energy distribution, causing specular reflections that elevate RCS. For Pshed > 0.7, the RCS angular
pattern diverges significantly from that of lower shedding scenarios within 10° to 20° range. In this
range, the incident electromagnetic wave illuminates the bulge area of the inlet. The reflected wave,
shaped by the region’s geometry, propagates in multiple directions. This reflected wave subsequently
irradiates the non-shedding regions, altering the energy distribution and propagation path of the
electromagnetic waves.

Figure 7: RCS curves of the S-shaped inlet under the vertical polarization in the pitch plane

Fig. 8 presents the RCS curves of the S-shaped inlet under two polarizations in the yaw plane.
RAM shedding exerts a subtle yet systematic impact on both RCS amplitude and angular distribution
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in this plane. At most detection angles, RCS increases with the shedding probability Pshed. Notably,
larger RCS amplitudes are observed at specific angles, such as θ = 7◦, 15° and 22°, potentially
attributed to the uneven distribution of incident electromagnetic energy caused by random RAM
shedding. As shown in Fig. 8b, when Pshed = 0.9, the RCS angular distribution differs significantly
from other scenarios within the 0° to 10° detection range. This discrepancy arises because RAM
coated on the surfaces of Parts C, D, and E is nearly completely shed off under this high shedding
probability. Compared with results in the pitch plane, the RCS amplitude difference caused by the
varying shedding probabilities is smaller in the yaw detection plane. This is primarily due to the focuses
on a two-dimensional inlet: in the yaw plane, the area directly irradiated by incident electromagnetic
waves is smaller, thereby reducing the influence of RAM shedding.

Figure 8: RCS curves of S-shaped inlet in the yaw plane. (a) Horizontal polarization; (b) Vertical
polarization

Fig. 9 presents the induced current distribution at θ = 0o under the horizontal polarization in
the pitch plane. As shown, when Pshed = 0.3, a primary high-density current region first emerges
on the upper surface of Part B. As Pshed increases to 0.5, a secondary high-density induced current
region appears on the lower surface of Part C. The spatial extent of these high-density current regions
expands monotonically with increasing Pshed, reflecting enhanced electromagnetic wave interaction
with exposed PEC surfaces due to RAM shedding.

Fig. 10 presents the current distribution at θ = 10o under the vertical polarization in the yaw plane.
As shown, a persistent high-density induced current region is observed in Part E, with the current
density in this area increasing monotonically with shedding probability Pshed. When Pshed = 0.7, a
secondary high-density induced current region emerges on the lower surface of Part C. Although RAM
shedding does not alter the overall propagation path of electromagnetic waves, random shedding events
modify the energy distribution of waves upon reflection from the cavity walls, leading to localized
enhancements in current density at exposed PEC interfaces.
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Figure 9: Induced current distribution at θ = 10o under the horizontal polarization in the pitch plane
(unit: mA/m2)

Figure 10: Induced current distribution at θ = 10o under the vertical polarization in the yaw plane
(unit: mA/m2)

Table 1 presents the mean RCS and RRE for two polarizations across the pitch and yaw planes,
with the RRE of the intact RAM model (no shedding) normalized to 100%. As shown in the table,
the mean RCS of the shedding model consistently exceeds that of the reference model, increasing
monotonically with shedding probability Pshed. RAM exhibits a more pronounced RCS reduction effect
under horizontal polarization than under vertical polarization across both detection planes. Notably,
when Pshed > 0.5, the RRE under horizontal polarization of the pitch plane declines sharply, while it
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remains below 50% under vertical polarization. In contrast, the RRE under horizontal polarization
of the yaw plane remains above 80% across all shedding probabilities, retaining approximately 50%
efficiency even at Pshed = 0.9. The impact of RAM shedding on the RCS in the yaw plane is relatively
minor, which is attributed to the lower energy of incident electromagnetic waves in yaw incidence
scenarios, thereby mitigating the influence of the exposed PEC surfaces. RRE can serve as a criterion
for determining the necessity of RAM repair. When Pshed > 0.5, repair should be considered to maintain
stealth performance.

Table 1: Average RCS and RCS reduction efficiency of the S-shaped inlet (unit: m2)

Pitch plane Yaw plane

Horizontal
polarization

Vertical
polarization

Horizontal
polarization

Vertical
polarization

Shedding
probability

Average
RCS

RRE Average
RCS

RRE Average
RCS

RRE Average
RCS

RRE

0 0.348258 100% 1.132879 100% 0.023643 1 0.038931 1
0.1 0.39404 98.64% 1.230494 98.24% 0.024732 95.80% 0.039593 99.50%
0.3 0.680495 90.16% 2.430988 76.55% 0.025929 91.18% 0.048922 92.38%
0.5 0.620161 91.95% 2.315206 78.64% 0.024938 95.01% 0.057773 85.63%
0.7 1.495419 66.04% 4.181165 44.94% 0.024222 97.77% 0.0628 81.79%
0.9 2.941339 23.23% 5.166041 27.14% 0.027064 86.80% 0.107252 47.88%

4 Conclusions

The electromagnetic scattering characteristics of an S-shaped inlet with five shedding probabilities
were computed using the IPO method combined with the IBC. The key findings are as follows:

(1) The forward RCS of the S-shaped inlet increases monotonically with the shedding proba-
bility Pshed, while RAM shedding has a negligible impact on the angular distribution of the
forward RCS.

(2) In the pitch plane, the intact RAM exhibits superior RCS reduction efficiency under horizontal
polarization compared to vertical polarization. Specifically, at Pshed = 0.7, the remaining RAM
retains an RRE exceeding 40%.

(3) In the yaw plane, adhered RAM maintains higher RRE than in the pitch plane across all
shedding scenarios. Collectively, these results suggest that RAM recoating is recommended to
repair when Pshed > 0.7 in either the pitch or yaw plane to sustain critical stealth performance.
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