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ABSTRACT: This paper presents the temperature-dependent design of streamlined constant and variable thickness ablatable radomes for
hypersonic applications. An optimized three-layer radome wall configuration is proposed, consisting of a radome shell sandwiched
between an outer ablative layer and an inner matching layer. The outer ablative layer offers protection against temperatures up to 1600°F,
while the inner matching layer effectively prevents total internal reflections. The radome shell is designed using an inhomogeneous
planar layer model to account for the temperature gradient existing across its thickness. The numerical analysis of the radome wall is
done using the 3D ray tracing method with aperture integration. Power transmission and boresight error characteristics of the radomes
remain stable over a thermal operating range of 250°F to 1600°F. The performance of the radomes in dynamic flight conditions is analyzed
using the time step analysis. Post ablation, the power transmission of constant thickness and variable thickness radomes remains well
above —0.6dB and —0.5 dB, respectively. The broadband performance of both radomes is analyzed over the X-band. Except for the
boresight direction, the power transmission over the X-band remains above —1 dB for all incidence angles. The maximum boresight

error is observed to be less than 4.29 mrad over the X-band.

1. INTRODUCTION

The problem of extreme heating of streamlined radomes used
in space exploratory vehicles and hypersonic airborne ap-
plications due to intense aerodynamic friction is of great im-
portance in aerospace research [1,2]. An antenna enclosed by
a hot radome will experience significant performance degrada-
tion, affecting the quality of the transmitted or received electro-
magnetic (EM) signals [3]. Therefore, the radomes used in hy-
personic applications must be protected from extreme heat [4].
This may be accomplished by using a coating of ablative ma-
terial on the surface of the radome [5]. An ablative material is
a heat shield that protects the radome by absorbing and dissi-
pating the heat influx, thus preventing excessive heating of the
radome [6,7]. The ablative materials are classified into melt-
ing ablators [8] and charring ablators [9]. The ablative layer, as
well as the process of ablation, can influence the performance
of the enclosed antenna. The extent of this influence can be
analyzed by studying the radome power transmission (PT) and
boresight error (BSE) characteristics during the ablation taking
place in a dynamic hypersonic environment [10].

In [11], the performance of an enclosed antenna and
electronic components was analyzed during the ablation of
a streamlined monolithic radome. A compensation method
based on the coupled electro-mechanical model of the system
was proposed to minimize the performance degradation of the
radar guidance system caused by ablation. Following this,
a volume integral equation-based algorithm was presented
to compute the BSE and boresight error slope (BSES) of a
monolithic radome in [12]. In this work, the variations in
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permittivity and radome profile due to the ablation of the
radome tip region were considered while predicting radome
performance parameters. A study on multi-layered variable
thickness ceramic radome for hypersonic applications was
presented in [13]. This study examined how variations in
thermal conductivity affect radome performance parameters
in a steady-state temperature field. Also, the asymmetric
insertion phase delay distribution was quantitatively related to
the radome BSE. Recently, the effect of laminar ablation on the
radome installed on the reentry vehicle was presented in [14],
and the degradation in PT and BSE was computed using the
finite integral time domain method. Although the simulations
performed in these works are pretty comprehensive, the
possibility of using an additional ablatable layer to protect the
radome shell was not explored.

In [15], a radome with a hybrid cone-tangent geometry was
analyzed. The radome wall had a fiberglass core layer and an
ablative Duroid or Avcoat coating. Different combinations of
materials and thicknesses were studied to seek the optimum
two-layered radome wall, producing the minimum distortion on
the sum pattern of the antenna. This work used fixed values of
electrical parameters for the materials. As a result, the effects of
temperature on radome performance were not considered. Fol-
lowing this, a concept of an adaptively ablatable radome was
published in [16]. In this patent, the protection of the coni-
cal radome shell at high temperatures was proposed using an
outer ablatable layer. The optimization of ablative layer thick-
ness to compensate for the thermal expansion of the radome
shell was also proposed. In [17] and [18], a planar radome cov-
ered with an outer ablative layer was analyzed and designed us-
ing an inhomogeneous planar layer (IPL) model by considering
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the temperature gradient spanning across the radome wall. Re-
cently, an inhomogeneous radome wall with an outer thermal
protection layer was analyzed in [1], considering the effects of
temperature on material properties, changes in thickness due
to ablation, and thermal expansion. In these works, although
a better power transmission was achieved at elevated temper-
atures using the IPL model, the power transmission at higher
angles of incidence was limited due to reflections occurring at
the interface of the radome shell layer and outer ablative layer.
Realizing this, a three-layer planar radome wall configuration
with layers of the same ablative material on both sides of the
radome shell was proposed in [19] to achieve improved perfor-
mance at higher angles of incidence.

Based on this literature review, it can be concluded that only
a few works are available on the design and analysis of stream-
lined radomes with the protection of ablative layers. Therefore,
in this paper, we have taken up the design of streamlined con-
stant and variable thickness radomes with ablative layers. The
novelty of the work can be summarized as follows:

» Use of the optimized three-layer wall configuration with
outer ablative layer and inner matching layer avoids total
internal reflection and provides good PT performance of
greater than —0.02 dB.

* A comprehensive analysis of ray transmission and aper-
ture phase distribution is carried out to justify the inclusion
of a matching inner layer in the radome wall configuration.

* The designed radomes maintain stable performance in
the thermal operating range of 250°F to 1600°F. The
maximum co-pol PT of constant and variable thickness
radomes is —0.1 dB and —0.029 dB, respectively.

* Both designed radomes exhibit stable performance despite
variations in the thickness of the outer ablative layer. Even
post ablation, the PT for the constant and variable thick-
ness radomes remains above —0.6dB and —0.5dB, re-
spectively.

* Due to the three-layer wall configuration, the proposed
radomes exhibit broadband performance over the X-band
(8 GHz—12 GHz), maintaining PT above —1 dB and max-
imum BSE of 4.29 mrad.

The structure of the paper is as follows. Section 2 describes
the modeling of the antenna-radome system. Section 3 is about
the design and analysis of ablatable radomes. Section 4 high-
lights the performance of the proposed radomes in dynamic
flight conditions, while Section 5 describes the effect of abla-
tion on the radome performance. In Section 6, the performance
of the radomes over a broadband frequency range is analyzed.
Section 7 compares the performance of the proposed radomes
with the existing literature. Finally, Section 8 concludes the
paper with remarks.

2. MODELING OF ANTENNA-RADOME SYSTEM

2.1. Antenna-Radome System

In Fig. 1, the radome geometry enclosing a 10 GHz array an-
tenna is presented. The radome has a tangent-ogive profile with
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FIGURE 1. Antenna-radome configuration with temperature distribu-
tion data points. (z’,y’,2’) is the antenna coordinate system and
(z,v, z) is the radome coordinate system. x-y is the elevation plane
and x-z is the azimuth plane. Toy and Ti, represent the temperatures
at the outer and the inner surfaces of the radome wall, respectively.

an aspect ratio of 2 : 1, where the length (L) is 1 m, and the di-
ameter (D) is 0.5 m. An array of 10x 10 source points with 0.5\
spacing between them constitutes the antenna aperture. The an-
tenna is positioned 0.3 m from the radome base. The radiated
fields are vertically polarized (y'). The temperature distribution
on the outer and inner surfaces of the radome wall correspond-
ing to distinct positions on the radome axis is represented by
Tout and Ty, respectively. It is observed that the inner temper-
ature increases from 100°F at the base to 1000°F at the tip of
the radome. Similarly, the outer surface temperature increases
from 250°F at the base to 1600°F at the tip of the radome wall.

2.2. Radome Wall Configuration

A radome operating in a hypersonic environment needs pro-
tection from adverse temperature effects. This may be accom-
plished by providing an outer coating of a suitable ablative ma-
terial. As the ablative layer usually has a dielectric constant
lower than that of the radome shell, reflections occur at the in-
terface between the radome shell and ablative layer at higher
angles of incidence. This limits the power transmission capabil-
ity of the antenna. Therefore, an additional coating of the same
ablative material is provided on the inner surface of the radome
shell. The result is a B-sandwich radome wall configuration
that maintains the incidence angle below the critical angle at
the interface between the radome shell and outer ablative layer,
thereby avoiding unnecessary reflections. Hence, the proposed
radome wall configuration comprises an inner layer, a radome
shell, and an outer ablative layer, as shown in Fig. 2.

Outer ablative layer

Radome shell
.

Inner layer

FIGURE 2. The proposed radome wall configuration.

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 111, 59-70, 2025

rPIER B

The material chosen for the radome shell is Pyroceram 9606
(e, = 5.515, tan§ = 0.0003) due to its excellent properties at
high temperatures [20]. The inner layer and outer ablative layer
are composed of Teflon (¢, = 2.001, tané = 0.0001) [21].
Here, the dielectric constant and loss tangent are given for
ambient temperature. Being a non-charring ablative material,
Teflon is desirable for applications where radio frequency (RF)
signals are transmitted or received through the radome [5].

2.3. The Inhomogeneous Planar Layer Model

In hypersonic applications, a streamlined radome develops a
spatial temperature distribution on both the outer and inner sur-
faces. Table 1 presents a typical spatial temperature distribution
over the outer and inner surfaces of the radome for five differ-
ent positions along its axis [22]. This temperature distribution
involves a higher temperature at the tip ((Tou, Tin): (1600°F,
1000°F)) and a relatively lower temperature at the base ((Toy,
Tin): (250°F, 100°F)) of the streamlined radome. The tem-
perature distribution on the radome wall corresponding to any
given position on the radome axis is computed using interpola-
tion. Also, the radome wall has a temperature gradient across
its thickness.

TABLE 1. Temperature profile of the radome wall: The inner (Ti,) and
outer (Tou) temperatures are computed along the radome axis from the
base (0.0) to the tip (1.0).

Position on radome  Inner Temperature ~ Outer Temperature

axis (m) Tin (°F) Tou (°F)
0.00 100 250
0.45 200 575
0.75 300 900
0.95 900 1500
1.00 1000 1600

To optimize the performance of the proposed radomes at hy-
personic velocities, the effect of temperature distribution on
the radome surface needs to be considered at the design stage.
This is accomplished by using inhomogeneous planar layer
(IPL) model [23]. In this model, the radome wall is composed
of n layers having the same thickness but different dielectric
properties to account for the temperature gradient spanning the
radome shell thickness. The variation in dielectric properties
(e, tan 9) of the radome shell material (Pyroceram 9606) with
temperature (°F) is shown in Fig. 3 [24]. The temperature
gradient is considered linear, with the innermost layer of the
radome shell experiencing the lowest temperature and the out-
ermost layer experiencing the highest temperature. Addition-
ally, the smooth temperature variation from the radome tip to
the radome base is also accounted for by the IPL model. How-
ever, it is important to note that IPL model is used solely for
designing the radome shell, while both the outer ablative layer
and inner layer are treated as homogeneous.
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FIGURE 3. Polynomials showing the variation of dielectric properties
(ér, tan 0) of the radome shell material (Pyroceram 9606) with temper-
ature (°F).

2.4. Computational Technique Used

The PT and BSE characteristics of the antenna-radome system
are computed using the MATLAB-based 3-D ray tracing algo-
rithm with aperture integration developed in-house [24,25].

The outline of this method is as follows. The tangent-ogive
radome geometry is defined as [26],

r = +VR?—22 - B, (1)
D? + 4172
R=——1— 2
D (2)
D
B=R-—. 3)

Here, L is the length of the radome, and D is the base diameter
as shown in Fig. 1. = varies from 0 to L, and r is the radius of
the radome at a given .

The first step in this method is transforming the antenna
source points to the radome coordinate system [27]. This is
accomplished as follows.

[Cradome|3x1 = [REL]3x3[Raz]3x3[Cant)ax1 + [Xglax1  (4)

where [Cragome] and [Can] are coordinates in the radome
(z,y,2z) and the antenna (a',y’,2’) coordinate systems,
respectively (Fig. 1). [RgL] and [Raz] are the rotation matrices
for the rotation of the antenna aperture. 2’ and 3’ are the axes
of antenna rotation in the elevation (EL) and azimuth (AZ)
directions, respectively. [X,] is the antenna aperture location
with respect to the base of the radome.

Following this, the electric field vector and ray vector are
defined at each source point on the antenna aperture. Then, the
intersection point of the rays on the radome wall (z,, y,, 2,) is
computed using bi-section method. Thereafter, the angle be-
tween the surface normal vector and incident ray vector is cal-
culated at these points. The plane containing both these vectors
is referred to as the plane of incidence.

The surface normal vector 7 is given by [28],

)

For the tangent-ogive geometry, the components of 77 are
given by,

T = Na @ + ny Y + n, 2.

(6)

Ng =

1
P’
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ny = 2t @

_ Qx
n: = B (3)

Here,

P = 14+Q% )

ro + B
Q= ; (10)

To

To = T3+ Ys. (11)

If the incident ray vector is k= ke® + ky + k.2, then the
angle of incidence 6 is obtained as,

0 = cos~ ' (k - ). (12)

The transmission coefficient contributed by the radome wall
is computed for the parallel and the perpendicular components
of the incident ray [29]. To find these components, the perpen-
dicular vector D and parallel vector G are calculated using the
ray vector k and surface normal vector 7 as [30],

—

D =1nxk,

G = D x k.

13)
(14)
The perpendicular and parallel components of the incident

field are obtained by computing the dot product of D and G
with the incident electric field vector [31], respectively, as

E'. = E'. D, (15)

(16)

By multiplying the respective components of the incident
field with that of the complex transmission coefficient, the
complex transmitted electric field components are computed
as [32],

)

B =
Ef =

E'T,,
E{Tj.

a7
(18)
These components are then recomposed to get the total trans-
mitted electric field and effective complex transmission coeffi-
cient.

The complex transmission coefficient 7;,,, of the radome
wall is determined for each ray using the ABCD matrix
method [29].

T,nn can also be resolved into the perpendicular (77 ) and
parallel (7)) components [33], respectively as,

(19)
where T, is the complex transmission coefficient contributed
by the radome wall for the ray associated with the mnth aper-

ture point (Tyun, Ymn, 2mn), and B is the polarization angle
within [0° 90°].

Trn =T cos’B+1T. sin® 5.
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The antenna sum pattern is determined next by using the an-
tenna aperture integration equation [34],

M N
Z Z F’gLnTmne_jk(z7nnkz+ymrzky+z7nnkz)
$(0,9) = ===

M N
> 2 Fin
m=1n=1
(20)
where F}% is the uniform aperture field distribution of the an-
tenna.
After calculating the antenna sum pattern, the PT and BSE
are obtained as [35],

PT =
BSE =

Smax; 2D
Z(Smax)- (22)

where Spax 1s the maximum value of the antenna sum pattern
in dB, and Z(Smax ) is the location of the maximum sum pattern
with respect to the boresight direction.

3. DESIGN AND ANALYSIS OF ABLATABLE RADOMES

In this section, constant and variable thickness ablatable
radomes are designed and analyzed by computing their PT and
BSE characteristics.

3.1. Constant Thickness Ablatable Radome (CTR)

The proposed CTR design has a fixed outer ablative layer thick-
ness of 2mm and a fixed inner layer thickness of 0.2 mm. The
choice of the thickness of the outer ablative layer is governed
by its significance in protecting the radome shell from extreme
heat and, therefore, has to be thicker than the inner layer. The
inner layer is only 0.2 mm as its purpose is to act as a matching
layer for avoiding reflections.

The thickness of the radome shell is optimized using the 3-
D ray tracing technique by repeated calculation of PT in the
EL plane for different radome shell thickness values. The opti-
mization uses the IPL model to account for the temperature dis-

(=)

—&— CTR 1

|
—_
!

|Sum pattern|, dB

Theta (°)

|
(S}

|
W
f

Power Transmission, dB

0 2 4 6 8 10
Radome shell thickness (mm)

FIGURE 4. Power transmission (dB) as a function of radome shell thick-
ness used to obtain optimum radome shell thickness at antenna scan
angle of 3° (for maximum angle of incidence of 68.714°) of CTR 1.
The inset shows the magnitude of the main lobe of the antenna sum
pattern (dB) for different thicknesses along with the optimum thick-
ness.
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FIGURE 5. (a) Power transmission (dB) and (b) Boresight error (mrad) of CTR 1 and CTR 2 in the EL plane.

(@), & e
4
€1 93 63
I
0,
&
0
I
| & 06,
Il &) )’eql

0
(b * o
€] 92 62
L
0
&
0
I
] €9 //eq

FIGURE 6. Propagation of a ray through radome walls of (a) CTR 1 and (b) CTR 2. The thicknesses of the layers are not to the scale.

tribution in a hypersonic environment. The criterion for thick-
ness optimization is to obtain maximum PT in the EL plane at
the highest angle of incidence. For the antenna-radome sys-
tem of Fig. 1, the calculated maximum angle of incidence of
68.714° is obtained at an antenna scan angle of 3° in the EL
plane. Fig. 4 shows the variation of PT with the radome shell
thickness at incidence angle of 68.714°. The inset shows the
magnitude of the main lobe of the antenna sum pattern (dB) as a
function of Theta (#) in the range [—4° 4°] for different radome
shell thicknesses. The calculated optimum radome shell thick-
ness at this antenna scan angle is 6.26 mm. Since the same op-
timum thickness is applied throughout the radome profile, this
results in a radome of constant thickness, which will henceforth
be referred to as CTR 1 in this paper.

To establish the significance of the inner layer of the wall
configuration in ensuring good PT performance, the CTR con-
figuration that does not have the inner layer is also analyzed.
This configuration is referred to as CTR 2. The radome wall
configuration of CTR 2 has an outer ablative layer with a thick-
ness of 2mm. The radome shell thickness of CTR 2 was also
optimized using the same methodology used for CTR 1. The
optimum shell thickness for CTR 2 was found to be 6.3 mm.

The PT and BSE characteristics of both the CTR 1 and CTR 2
in the EL plane are shown in Figs. 5(a) and 5(b), respectively.
These and all the subsequent results are computed using the IPL
model at temperatures corresponding to a hypersonic environ-
ment. From Fig. 5(a), it is evident that CTR 1 provides excel-
lent PT at all antenna scan angles. On the other hand, CTR 2
shows PT only when the antenna scan angle is higher than 46°.
From Fig. 5(b), it can be observed that the maximum |BSE| ex-
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hibited by CTR 1 is 1.9 mrad. On the other hand, the [BSE]| for
CTR 2 is higher than that of CTR 1 at most of the antenna scan
angles. The BSE of the two configurations is comparable only
after 70° scan angle. The PT and BSE performance degradation
of CTR 2 is due to the reflection of EM waves at the interface
between the radome shell and outer ablative layer. This phe-
nomenon is investigated in more detail in the following.

Figures 6(a) and 6(b) illustrate the propagation of an EM ray
through the radome walls of CTR 1 and CTR 2, respectively.
Unlike CTR 1, CTR 2 has no inner layer. It consists solely of
an outer ablative layer with a dielectric constant lower than the
radome shell. As aresult, the total internal reflection may occur
at the interface I, of CTR 2 when the angle of incidence exceeds
the critical angle. Such reflections impede the effective propa-
gation of EM waves and might be the reason for the degradation
in the performance of CTR 2 for lower antenna scan angles, as
observed previously in Fig. 5.

Figure 7 shows the maximum and minimum values of the an-
gle of incidence of incident rays at interface I, of CTR 2 in the
EL plane. It also shows a horizontal dashed line marking the
critical angle of incidence at interface Iy of CTR 2 wall config-
uration. It can be observed that at lower antenna scan angles up
to 36°, the angle of incidence is always higher than the critical
angle. This results in the total internal reflection of rays at I.
The PT of CTR 2 matches well with that of CTR 1 only when
the antenna scan angle is higher than 46°, for which the angle
of incidence for all the rays is below the value of the critical
angle. Between scan angles of 36° and 46°, the total internal
reflection happens for a few rays while other rays pass through
the radome wall.
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FIGURE 7. Maximum and minimum angles of incidence (°) along with
critical angle (°) at the interface (I2) between the radome shell and the
outer ablative layer of CTR 2 in EL plane.

To illustrate this further, the propagation of different rays was
observed over the antenna scan angle range of 36° and 46°.
This is shown in Fig. 8. It can be seen that at 36°, except for
a single ray, all other rays are reflected. At a scan angle of
42°, more rays pass through, although some reflections exist.
At 46°, most of the rays are seen to pass through with minimal
reflections.

(a) (b) (©
g = g
> > >

Z, m

Z, m Z, m

FIGURE 8. Transmission of rays in CTR 2 at antenna scan angles of
(a) 36° (b) 42° and (c) 46° in EL plane. Olive indicates areas of no
transmission, while grey represents successfully transmitted rays.

The deterioration of the BSE performance of CTR 2 observed
in Fig. 5(b) can be further studied by comparing the aperture
phase distributions for CTR 1 and CTR 2 as shown in Fig. 9.
At20° scan angle, CTR 2 does not allow the passage of incident
rays through the radome. As a result, the aperture phase distri-
bution is zero. On the other hand, changes in the phase over the
aperture enclosed by CTR 1 result in non-zero BSE. At 42°, re-
duction in phase change over antenna aperture results in lower
BSE in CTR 1. On the other hand, only some rays find passage
through the radome wall of CTR 2. This results in increased
phase changes across the antenna aperture, leading to higher
BSE in CTR 2. At a scan angle of 70°, the phase distributions
of CTR 1 and CTR 2 are similar, resulting in similar BSE per-
formances of both the radomes at higher antenna scan angles.
The analysis demonstrates that CTR 1 outperforms CTR 2 in
both PT and BSE, justifying the decision to select CTR 1 wall
configuration.

3.2. Variable Thickness Ablatable Radome (VTR)

To improve the power transmission of the radome for the entire
antenna scan angle range, the design of a variable thickness ab-
latable radome (VTR) is attempted. For this radome, the thick-
nesses of the outer ablative layer and inner matching layer are
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FIGURE 9. Aperture phase distribution of CTR 1 and CTR 2 at antenna
scan angles of (a) 20° (b) 42° and (¢) 70° in EL plane.
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fixed at 2 mm and 0.2 mm, respectively. The thickness of the
radome shell is optimized at each antenna scan angle using the
IPL model. Fig. 10 shows PT (dB) as a function of radome shell
thickness (mm) computed at different antenna scan angles. It
can be observed that the PT reaches a maximum for radome
shell thickness between 5.5 mm and 6.5 mm at all antenna scan
angles. The optimum radome shell thickness is computed at
each antenna scan angle for maximum power transmission. The
optimum radome shell thicknesses are tabulated in Table 2. The
resulting VTR design has a radome shell thickness of 6.32 mm
at the radome tip and 5.93 mm at the radome base. The temper-
ature distribution used in the IPL model for the VTR design is
the same as that used for CTR 1. However, the coefficient of
thermal expansion («) of the radome wall due to temperature
gradient is also considered in calculating the optimum value of
the shell thickness in the VTR design [36]. The values of « for
the radome wall materials are referenced from [20] and [21].

==20°+30°
~+-40°-+50°
60°--70°
. NS 1T
0 2 4 6 8 10
Radome shell thickness (mm)

Power Transmission, dB

FIGURE 10. Power transmission (dB) as a function of radome shell
thickness used to obtain optimum radome shell thickness (mm) at dif-
ferent antenna scan angles (°) of VTR.
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TABLE 2. Optimum radome shell thickness (mm) computed at different
antenna scan angles (°) with corresponding positions on the radome
axis (m) for VTR.

Antenna scan Position on radome Optimum radome

angle (°) axis (m) shell thickness (mm)
0 1 6.32813
10 0.80939 6.35596
20 0.67993 6.38468
30 0.58887 6.29365
40 0.52073 6.16277
50 0.46631 6.06209
60 0.42012 5.98153
70 0.37862 5.93107
80 0.33928 5.91069
90 0.30040 5.93037

The PT and BSE characteristics of the VTR design are
computed and are presented for comparison with that of
CTR 1 in Fig. 11(a) and Fig. 11(b), respectively. The analysis
shows improved PT performance of VTR compared to CTR 1
(Fig. 11(a)). This enhancement can be attributed to the unique
shell thickness computed for each scan angle, which ensures
maximum PT performance even at higher antenna scan angles.
The superior performance of the VTR at elevated antenna scan
angles is further validated by the inset in Fig. 11(a). This inset
illustrates the magnitude of the main lobe of the antenna sum
pattern for CTR 1 and VTR. It is evident that VTR outperforms
CTR 1 at higher antenna scan angles.

The VTR shows a higher BSE than the CTR 1 in both EL
and AZ planes (Fig. 11(b)). This is because of significant phase
changes induced on the underlying antenna aperture due to the
variable thickness nature of the radome [37]. In the literature,
many VTR designs that optimize PT are presented. However,
optimizing the radome wall profile for simultaneous improve-
ment in PT and BSE requires more sophisticated methods, such
as the one presented in [38].

4. PERFORMANCE IN DYNAMIC FLIGHT CONDI-
TIONS

In this section, the performances of both the CTR 1 and VTR
are computed over 90 time steps during which the temperature
experienced by the radomes changes from the ambient temper-
ature to the hypersonic temperature. This study is essential as
it provides a detailed insight into how the performance char-
acteristics of the proposed radomes vary under dynamic flight
conditions. At the beginning of this analysis, the entire radome
is at ambient temperature. At the final time step, the radome
reaches the temperature distribution of the hypersonic environ-
ment. The variation in the electrical properties of radome shell
material with temperature is referenced from Fig. 3 [24]. Since
the outer ablative layer and inner matching layer are homoge-
neous, their electrical properties are considered constant [21].

65

(a) % 0.00

—0.06

—0.12}
—~CTR 1
—= VTR
0 20 40 60 80
Elevation (°)

—0.18}

Power Transmission,

(b) CTR I VIR
6L EL — -
= AZ
- AN
a2 .
m

|

N (=]
[=) —
|
(=]
&1
(=]

60 80
Elevation /Azimuth (°)

FIGURE 11. (a) Power transmission (dB) in EL plane and (b) Boresight
error (mrad) in EL and AZ planes at different antenna scan angles (°)
for CTR 1 and VTR. The inset in (a) shows the magnitude of the main
lobe of the antenna sum pattern (dB) for CTR 1 and VTR.

4.1. CTR1

Figures 12(a) and 12(b) present the co-polar (co-pol) and the
cross-polar (cross-pol) power transmission characteristics of
the CTR 1 in the EL plane, respectively. Except for the scan
angle range from 0° to 10° around the ambient temperatures,
CTR 1 exhibits excellent co-pol PT (> —0.4 dB) for all oper-
ating conditions. Also, CTR 1 exhibits slightly higher cross-
pol PT (—20dB) for lower scan angle ranges. However, the
cross-pol PT is well below —30 dB for the rest of the operating
conditions.

The BSE characteristics of the CTR 1 in both EL and AZ
planes under dynamic flight conditions are shown in Figs. 12(c)
and 12(d), respectively. The |BSE| in both EL and AZ planes
degrade only at lower scan angles (0°—10°) near the ambient
temperatures. For all other operating conditions, a good BSE
performance (< 0.5 mrad) can be observed. The performance
degradation at lower antenna scan angles results from an abrupt
phase change when the antenna beam encounters the sharp and
narrow cross-section of the radome tip, leading to increased
transmission loss and boresight error.

4.2. VTR

The dynamic in-flight co-pol and cross-pol PT performances
of the VTR in the EL plane are shown in Figs. 13(a) and 13(b),
respectively. The PT degrades at lower scan angles (0°-10°)
near the ambient temperature. However, the VTR has excellent
PT (> —0.2dB) characteristics at mid and higher scan angles,
irrespective of the operating conditions.

The |BSE| of the VTR in both EL and AZ planes are shown
in Figs. 13(c) and 13(d), respectively. The |BSE| in the EL
plane degrades around 5° scan angle near the ambient tempera-
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FIGURE 12. (a) Co-polar PT (dB), and (b) Cross-polar PT (dB) in EL
plane. |BSE| (mrad) in (c) EL plane, and (d) AZ plane of CTR 1.

ture. However, it improves when the operating temperature in-
creases. In the mid-scan angle range, the |BSE| reaches a peak
of 4 mrad but is seen to improve significantly at higher scan an-
gles. The |BSE]| in the AZ plane becomes minimum around 10°
and 80°, and it remains high at other scan angles.

Interestingly, for scan angles greater than 10°, the CTR 1 and
VTR performance characteristics are not significantly affected
by the operating conditions but rather by the operating scan an-
gle, resulting in a stable performance. This is expected since
the electrical properties of the materials chosen are stable with
respect to temperature. This advantage makes these radomes
good candidates for high-velocity applications.

5. EFFECT OF ABLATION

In this section, the performances of the CTR 1 and VTR dur-
ing the ablation of the outer ablative layer are computed. The
ablation profile considered is uniform over the entire radome
surface. Due to the lack of practical nonuniform ablation data,
the ablation profile considered here is not associated with any
specific trajectory of airborne vehicles in the hypersonic envi-
ronment. The analysis considers reduction in the outer abla-
tive layer from 2 mm to 0 mm in the steps of 0.5 mm. The IPL
model with the temperature distribution of the hypersonic en-
vironment is used to compute the performance parameters.

5.1. CTR1

The PT characteristics of the CTR 1 during ablation are shown
in Fig. 14(a). As the thickness of the outer ablative layer de-
creases, the PT performance degrades when the antenna scan
angle is between 0° and 40°. However, the PT is seen to im-
prove for higher scan angles > 40°. Moreover, the overall PT
of the radome is well above —0.6 dB post-ablation.

The effects of ablation on the BSE characteristics of CTR 1
in EL and AZ planes are shown in Figs. 14(b) and 14(c), re-
spectively. In the EL plane, a significant increase in |BSE| is
observed for lower scan angles (0° to 15°). However, |BSE]| re-
mains unaffected by ablation for the rest of the operating scan
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FIGURE 13. (a) Co-polar PT (dB), and (b) Cross-polar PT (dB) in EL
plane. |BSE| (mrad) in (c) EL plane, and (d) AZ plane of VTR.

angle range. In the AZ plane, the |BSE] is affected by abla-
tion in the lower and mid-scan angle ranges (0° to 45°). Fur-
thermore, the peak value of |BSE| observed in the AZ plane is
higher than that in the EL plane.

5.2. VIR

The PT characteristics of the VTR computed during ablation are
shown in Fig. 15(a). With the decrease in outer ablative layer
thickness, a corresponding degradation in PT performance can
be observed, with PT reaching a minimum value when the outer
ablative layer completely vanishes. However, the overall PT
of VTR is above —0.5 dB throughout the operating scan angle
range, even in the absence of the outer ablative layer.

The changes in the BSE characteristics of VTR show similar
trends to those observed for CTR 1, as shown in Figs. 15(b)
and 15(c). In the EL plane, degradation is observed only at
lower scan angles, and the BSE remains unchanged for the rest
of the scan angle range. In the AZ plane, BSE degrades for
both lower and mid-scan angle ranges. Additionally, the |BSE|
value is higher in the AZ plane than that in the EL plane.

It is worth noting that the overall PT and BSE performance
of VTR is superior to that of CTR 1 during ablation. It can also
be concluded that the proposed radomes produce a relatively
stable BSE regardless of the change in ablative layer thickness
for all scan angles greater than 20°.

6. PERFORMANCE OVER BROADBAND

Although the antenna-radome system considered in this work
is designed to operate at 10 GHz, it is well known that the mul-
tilayer radomes have the ability to provide broadband perfor-
mance. To explore this quality of multi-layer radomes, the
performances of CTR 1 and VTR are computed across the X-
band from 8 GHz to 12 GHz. For this computation, the spac-
ing between the source points of 10 x 10 antenna array is
0.5\, where )\ is now the wavelength corresponding to the fre-
quency of 12 GHz. The performance was computed using the
IPL model for the temperature distribution of the hypersonic
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FIGURE 14. (a) Power transmission (dB) in EL plane and Boresight
error (mrad) in (b) EL and (c) AZ planes with antenna scan angles (°)

for different ablative layer thicknesses (mm) in CTR 1.

environment. First, it was verified that the performance of the
proposed radomes did not change due to the change in the spac-
ing between the source points. Then, the performance of both
CTR 1 and VTR was analyzed over the X-band at different an-
tenna scan angles.

Figure 16(a) shows the variation in PT with frequency for
both CTR I and VTR at different antenna scan angles over the
X-band having a full ablative layer thickness of 2 mm. When
the antenna scan angle is 0°, both the radomes provide a rela-
tively narrow band PT performance. At 15°, both the radomes
provide PT higher than —1 dB over the entire band. As the an-
tenna scan angle increases, the PT decreases at the frequencies
away from the center frequency. From 0° to 30°, the PT per-
formances of CTR 1 and VTR are similar. However, at 60°
scan angle, the peak of PT for CTR 1 is shifted towards lower
frequencies. As a result, the PT of CTR 1 is higher than that of
VTR at lower frequencies. On the other hand, VTR performs
better than CTR 1 for higher frequencies at 60° scan angle.

The PT performances of the CTR 1 and VTR over the X-
band frequency are also analyzed by calculating the —0.5 dB
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FIGURE 15. (a) Power transmission (dB) in EL plane and Boresight
error (mrad) in (b) EL and (c) AZ planes with antenna scan angles (°)
for different ablative layer thicknesses (mm) in VTR.

power transmission bandwidth (%) for different thicknesses of
the outer ablative layer. This is tabulated in Table 3. As ex-
pected, the bandwidths are the lowest at 0° and highest at 15°
antenna scan angles, respectively. The bandwidth of VTR is
observed to be higher than CTR 1 for all antenna scan angles.
Also, it should be noted that the bandwidths remain reasonably
stable with the reduction in the thickness of the outer ablative
layer.

Figure 16(b) shows the variation in BSE with frequency for
both the CTR 1 and VTR at different antenna scan angles hav-
ing a full ablative layer thickness of 2 mm. Due to the sym-
metry of the radome seen by the enclosed antenna, both the
radomes produce no BSE at 0° scan angle. At a scan angle of
15°, the two radomes exhibit similar BSE with the maximum
of 3mrad in |BSE|. However, at scan angles of 30° and 60°,
VTR exhibits higher BSE than CTR 1. The maximum variation
in [BSE| for CTR 1 is 1.49 mrad and 0.38 mrad at 30° and 60°
scan angles, respectively. The maximum variation in |BSE]| for
VTR is 4.26 mrad and 3.62 mrad at 30° and 60° scan angles,
respectively.
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TABLE 3. —0.5dB PT bandwidth (%) of CTR 1 and VTR at different antenna scan angles (°) and ablative layer thicknesses (mm).

Ablative Layer Antenna Scan Angle (°)
Thickness 0° 15° 30° 60°
(mm) CTR1 VTR CTR1 VTR CTR1 VTR CTR1 VTR
2.0 7.07 779 3992 4472  30.54 3484 2098 25.36
1.5 7.70 8.68 3996 45.03 30.04 3430 20.82 25.07
1.0 8.12 9.19  40.02 4529 29.74 3398 20.67 24.82
0.5 8.41 9.53 40.14 4551 29.68 3391 20.65 24.5
0.0 8.58 9.73 4031 4570 3098 3542 2085 2495

TABLE 4. The performance of the proposed radomes compared to the existing literature.

No. of Maximum Maximum Total IBSE |max
Reference Layers Antenna type Co-polar PT Cross-polar PT PT in EL plane
(dB) (dB) (dB) (mrad)
Constant Thickness Radomes
[24] 1 Aperture array —0.12 —33.4 - 1.8
[39] 7 Monopulse array —0.18 below —30 - 2.5
[40] 7 Slotted waveguide —0.18 -20 - 2.6
[41] 1 Slotted waveguide —0.18 —37 - 5
[42] 3 Slotted waveguide —0.50 —-25 - 3.8
Our work 3 Aperture array —0.10 —25.82 —0.01 1.76
Variable Thickness Radomes
[37] 1 Aperture array —0.20 -35 —0.006 2.4
[38] 1 Monopulse planar array — - —0.6 5
[40] 7 Slotted waveguide —0.18 -20 - 2.6
[43] 1 Circular aperture - - —-0.3 3
[44] 9 Slotted waveguide —0.76 - - 0.5
Our Work 3 Aperture array —0.029 —27.01 —0.02 4.71
(@2 (b)
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FIGURE 16. (a) Power transmission (dB) and (b) Boresight error (mrad) of CTR 1 and VTR in the EL plane at different antenna scan angles (°) over

the X-band having a full ablative layer thickness of 2 mm.

7. PERFORMANCE COMPARISON

The performance of the proposed radome designs is compared
with those available in the existing literature, as presented in Ta-
ble 4. The performance parameters of our CTR 1 and VTR de-
signs correspond to a radome configuration with the full thick-
ness of the outer ablative layer and were analyzed using the IPL
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model at the hypersonic temperature distribution. The antenna-
radome systems chosen for the comparison use different X-
band antennas, as shown, but they all use tangent-ogive geome-
try for the radomes. Except [38] and [42], all the other radomes
are analyzed using the IPL model. The literature presents PT
performance as a total PT or as separate co-pol and cross-pol
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PT. Therefore, Table 4 has both these columns to allow appro-
priate comparison.

Compared to the CTR designs in [24, 39—42], the proposed
CTR 1 design has the highest co-pol PT. The cross-pol PT of
CTR 1 is comparable to [42] and better than [40]. Also, the
proposed CTR 1 design has the lowest |BSE | .« in the elevation
plane among the designs chosen for comparison. The proposed
VTR design has a better co-pol or total PT than other VTRs.
The |BSE|max of VIR in the EL plane is lower than that of [38]
while it is higher than that of the other radomes.

8. CONCLUSION

This paper presents two streamlined radome designs: constant
thickness ablatable radome (CTR 1) and variable thickness ab-
latable radome (VTR) for hypersonic applications. The com-
prehensive analysis of ray propagation through the radome wall
and the aperture phase distribution study demonstrates the ef-
fectiveness of the selected radome wall configuration by show-
ing improvements in PT and BSE. The thickness of the radome
shells has been optimized for both designs. Numerical results
obtained using the 3-D ray tracing method with aperture inte-
gration indicate that the proposed radomes maintain stable per-
formance over the designed thermal operating range of 250°F to
1600°F. During the dynamic flight operation, the co-pol PT for
CTR 1 and VTR is found to be —0.1 dB and —0.029 dB, respec-
tively. Even after complete ablation, the power transmission of
CTR 1 and VTR remains well above —0.6 dB and —0.5 dB, re-
spectively. The maximum BSE for CTR 1 and VTR is found to
be 1.76 mrad and 4.71 mrad, respectively. Both radome designs
demonstrate optimal performance over the X-band, providing
reasonably stable PT and BSE across a broad frequency range.
These features make them suitable for hypersonic airborne ap-
plications, regardless of temperature effects and material abla-
tion.

Now, we present some limitations and challenges pertaining
to the design of streamlined ablatable radomes for hypersonic
applications.

* Conducting experiments on an antenna enclosed by a
streamlined radome presents significant complexities, in-
cluding the high cost of radome fabrication and the re-
quirement for sophisticated infrastructure.

* Optimizing VTR for minimum BSE at all antenna scan
angles requires global and simultaneous optimization of
wall thicknesses for the VTR profile. This requires more
advanced methodology such as MOPSO (Multiobjective
particle swarm optimization), and it usually results in a
complex wall thickness profile.

 Designing radomes for hypersonic applications requires
materials that can withstand extreme thermal and me-
chanical stresses while maintaining electromagnetic trans-
parency. Such materials can be very costly and require
complex and time-consuming manufacturing processes.
Also, temperature-dependent material data for the design
and optimization of radomes for hypersonic applications
is very limited.
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+ Athigh velocities, as the outer layer of the radome ablates,
a thin layer of plasma might form on the radome surface.
The properties of this plasma layer depend on tempera-
ture, pressure, and chemical reactions happening near the
radome surface. Due to these multiple factors, it is diffi-
cult to predict the realistic properties of the plasma layer.

Future research could focus on improving the BSE for VTR
design and analyzing radomes covered by plasma sheaths in a
hypersonic environment.
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