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AbStRAct

Airborne surveillance systems such as Maritime Patrol Aircraft are deployed by armed forces to collect 
surveillance information on airborne and sea surface enemy targets. Airborne Electronically Scanned Array Radar 
is an electromagnetic sensor integrated on this aircraft. The antenna of this radar is installed generally in belly of 
a turboprop aircraft. An electro-magnetically transparent cover, called radome, protects this antenna to protect it 
from various environmental effects, like rain, dust, etc. Installation of the radome results in additional drag, weight 
and electromagnetic signal loss. The Pareto optimality involving three design disciplines of structure, aerodynamics 
and electromagnetics is attempted with direct search optimisation algorithm NSGA II. 
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1. IntRODUctIOn
Maritime Patrol Aircraft (MPA) is used for scanning sea 

surfaces for getting real-time data about enemy threats i.e., 
low flying aircraft. Turboprop aircraft are generally modified 
as MPA since they fly at low altitudes. RAdio Detection And 
Ranging system, or RADAR, in short, is an electromagnetic 
sensor integrated on this aircraft. Radar antenna of MPA is 
mounted under the belly of the aircraft to scan sea surface in 
Air-to-Sea mode. The antenna is protected by a structural cover 
called radome (a portmanteau for Radar DOME). Radome 
should withstand air loads in flight and protect the antenna 
from environmental effects like rain, ice, dust, etc. 

As stated, a radome is a necessity to protect the 
antenna. However, it introduces certain unwanted side 
effects like additional weight, drag force, and distortion of 
the electromagnetic signals transmitted and received by the 
antenna. The increase in the weight due to radome, drag forces 
introduced and distortions of electromagnetic signals due to 
their presence should be minimum.

In this study, multi-disciplinary design and analysis of 
MPA radome is carried out by integrating three important 
disciplinary analyses on an MDO software framework. Multi-
objective optimisation of three conflicting design objectives, 
weight, drag and electromagnetic loss, is carried out using 
direct search algorithm. Pareto optimality condition for such 
MDO problem is established.

2.  LItERAtURE REvIEw
Profile of maritime patrol radar airborne radome1 was 

modeled and CFD analysis was carried out with ANSYS software 
to estimate radome’s drag. Single objective optimisation i.e., 
minimisation of the drag due to this radome, was demonstrated 
by integrating aerodynamics discipline on MDO software 
framework with a proprietary algorithm PilOPT by the 
authors. 

In continuation to the above, the same study was 
expanded by the authors2 for optimisation of maritime patrol 
radar airborne radome involving two disciplines, namely, 
aerodynamics and structures. Two objectives, drag and weight 
of radome were optimised subject to design constraints with 
additional design variables introduced due to structural 
design. In the current paper, the study is further expanded to 
include electromagnetics discipline in addition to structural 
and aerodynamics disciplines. MDO is carried out with a GA 
technique, NSGA II.

The design steps for ground surveillance radar on a 
transport aircraft were brought out by Pulvirenti, et. al.3. 
The electromagnetic analysis, selection of materials for such 
radomes, structural analysis for air loads, and bird strike are 
elaborated. The size of the radome is limited by aircraft size. 
This study has dealt with a similar radome for which present 
optimisation is attempted. Although in this paper in literature, 
it was remarked that radome design is multi-disciplinary, such 
analysis was not carried out.

Lee4, et al. proposed a simple design equation for 
A-sandwich radome design for aircraft, missiles as well as fixed 
ground installations. Radomes are proposed as thin or multiple 
half-wavelengths (λ/2). Radomes with good EM transmission 
properties are with a thickness of λ/20. This radome will 
not be able to sustain harsh environmental conditions and is 
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structurally weak. Half-wavelength radomes are sturdy but 
have very narrow band characteristics. This paper arrives at 
the empirical formulae to arrive at the skin thickness (d) and 
core thickness based on the operational frequency.

Nair5, et al. have studied various requirements for 
the electromagnetic design of airborne radomes. Various 
techniques for EM design include Transmission Line Transfer 
Matrix method (TLTMM), Method of Moments (MoM) 
techniques, etc and antenna-radome interface analysis using 
low Frequency (lF), High Frequency (HF) and hybrid 
methods. An elaborate survey has been made on each of these 
techniques, their applicability and the state-of-the-art.

Sheret6, et. al. discuss optimisation of a Von Karman ogive 
shaped aerodynamically ideal radome for its thickness. 2D ray-
tracing techniques are used with MATlAB implementation 
with HFSS simulation. The thickness of the radome is optimised 
with the Quasi Newton method as a function of the beam angle 
of the incident ray. 2D ray-tracing with unit EM and full EM 
simulation are compared and gave results that are very close.

Application of GA for simultaneous optimisation of Bore 
Sight Error (BSE) and power transmittance of an A-sandwich 
radome is attempted by Meng & Dou7. Local uniform thickness 
radome which is easier in terms of fabrication compared 
to variable thickness radome is proposed and analysed with 
ray-tracing technique. The thickness of the radome is defined 
using a piecewise function. The best thickness for each zone 
is found by minimising maximum BSE and maximizing the 
minimum power transmitted. Von Karman curve is used 
to define the radome shape. The results of optimised local 
uniform thickness radome are compared with globally uniform 
thickness radome. 

Deng8, et al. concentrated on the multi-disciplinary 
approach required for designing an airborne composite radar 
considering the EM and Structural aspects. Since the presence 
of radome can degrade the performance of the radar antenna, 
it is necessary to minimise two important EM parameters of 
radome namely BSE and Transmission Loss (TL). Besides, 
radome has to withstand the air-load and other environmental 

effects. Structural aspects considered are material failure 
(Material is composite and so Tsai Wu index and maximum 
stress criteria), deformation, and stability. Multi-island GA is 
used to optimise twin objectives of BSE and Tl with constraints 
on material failure and structural stability.

In the literature, there are very few cited studies that 
involve optimisation involving EM and structure or EM and 
aerodynamics. This study could be the first possible effort of 
combining all three disciplines and that too for an industrial 
problem.

3.  AIRbORnE RADOME AnD ItS DESIgn 
ASPEctS

3.1  general Aspects
Radome design is a multidisciplinary effort involving 

structural, aerodynamics, and EM disciplines. The interactions 
between these disciplines have to be captured to be able to get 
optimality in terms of all three disciplines involved. Optimum 
design of radome has to be arrived at analysing various 
radome shapes and associated structural and electromagnetic 
characteristics. Radomes for airborne applications are 
generally of “A-Sandwich” or “C-Sandwich” construction. 
“A-sandwich” radome (Fig. 1) with a core with faceplates on 
both sides is considered in this study.

3.1  Radome geometry and construction
The radome profile is modeled as a spline with several 

control points (Fig. 2). By revolving the resulting spline by 
180° about the X-axis, the radome shape is obtained. Different 
profiles can be generated by varying the coordinates of these 
control points. By adding thickness to the radome shape, its 
geometric model is realised. As stated previously, A-sandwich 
has got a core with skins inside and outside. The core material 
is Aramid Honeycomb and faceplates are considered to be 
made of GFRP laminae. The thickness of each lamina is kept 
constant (0.25 mm). The core thickness, number of laminae 
in outer and inner skins and shape control points are design 
variables. The length of the radome is varied from 1.5 m to  
3.0 m. ‘X’ coordinates of control points are varied as a 
percentage of ‘L’ (L is length of radome)

3.2  Aerodynamic and Structural Design
In the previous work2 aerodynamic and structural 

disciplines were integrated on the MDO framework. As a first 
step aerodynamic optimisation is carried out. ANSYS Fluent® 
software was used to carry out CFD analysis for finding out 
the drag for a given profile by modifying an adaptive mesh Figure 1. A-sandwich construction.

Figure 2. Radome shape.
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which is refined as the profile of radome is changed. Drag is 
calculated by integrating the pressure values over the surface 
of the radome by the software and provided as an output 
parameter. The optimised radome had a drag value of 33N for 
a flow velocity of 103 m/s and 2438m (8000 ft) altitude. In 
the present study, the flow conditions have been changed, as 
explained in section 4.1. 

Structural discipline is added to the above model as the 
next step. The radome is modeled with four layers of laminae 
(GFRP) on either side with a central core (honeycomb) in 
ANSYS software. Default values of material properties in 
ANSYS ACP module are used for the analysis. Radome surface 
is meshed with an automatic meshing algorithm in ANSYS 
Workbench with quad-dominated (shell) elements. This mesh 
is adaptive and it is refined every time the size & shape of the 
radome is changed. The pressure load from the CFD analysis 
is imposed on the surface of the radome. Pareto front involving 
aero-structural disciplines, which has non-dominated designs, 
is established with MOGA II and PilOPT algorithms. 

3.3  Electromagnetic Design
Wavelength of EM waves in radome material, λm is given 

by Eqn. 1. This plays key role in deciding the optimal thickness 
of radome.
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(1) 

In eqn. 1, λo is the wavelength in free stream and er is 
the relative permittivity of the material.  Optimum thickness 
of monolithic radomes, tm, is given by Eqn. 2. When radome 

thickness is
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, the radome almost becomes transparent to 
microwaves. 
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(2) 

The electrical performance of A-sandwich radome depends on 
the distance between skin and its core material. lee, et. al.4 
proposed skin and core thicknesses as per eqns. 3 & 4 for A 
sandwich radomes.
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                       (4) 
Maritime patrol radar operates in the X band and the 

radome is designed for a spot frequency of 9.5 GHz. The 
optimal thickness (half wavelength) for 9.5 GHz considering 
monolithic radome is about 15.7 mm.

Three-dimensional EM analysis is carried out using CST 
Microwave Studio software® to find out the signal losses for 
one operational spot frequency of 9.5 GHz. Finite Integration 
Technique (FIT) is used for solving the problem, which is 
suitable for high-frequency problems. Hexahedral mesh is 
used to discretise the computational domain. The mesh size 
is determined based on the wavelength which is a function of 
operational frequency.

Asymptotic Solver, a ray-tracing solver, is chosen as 
a solver for carrying out 3D analysis. This is efficient for 

extremely large structures. This is an extension of Physical 
Optics and uses Shooting Bouncing Ray (SBR) method. It is 
capable of tackling simulations with an electric size of many 
thousands of wavelengths. 

Radome geometry stored as CATIA model is imported 
into CST software and the material properties are assigned (see 
Table 1). Side looking radar antenna scans ±60° in azimuth 
and ±30° in elevation. It is modeled as a field source with 60° 
azimuth scanning, imported and positioned at the antenna 
location. The source is located 0.75 m from the leading edge 
irrespective of the length of the radome (Fig 3). The antenna 
pattern in the azimuth is shown in the inset. By default, the 
number of elements in the mesh is 27837. However, it is refined 
based on the size of the radome automatically.

The analysis is carried out to find out the change in antenna 
pattern over ±90° in azimuth (Phi) in steps of 1° and 180° 
(Theta) in elevation in steps of 1°. Three main characteristics 
to be observed are main lobe level, beam width (3dB) and side 
lobe level with and without radome. Since the changes in these 
parameters for boresight scanning are not very significant, the 
analysis is carried out with beam pointing at 60° azimuth. The 
antenna gain pattern with and without radome is overlaid and 
shown in Fig. 4.

It is observed that the change in main lobe level and the 
beam width is very less. However, the change in the side-lobe 
level is significant. In an initial design, this value is 2dB. The 
change in side-lobe levels is the design objective that will be 
minimised in order to get the antenna pattern with radome very 
close to that of the antenna without radome.

4.  MULtI-DIScIPLInARy AnALySIS AnD 
OPtIMISAtIOn

4.1  Problem Statement
The MDO problem with three disciplines and three design 

objectives can be stated as
Minimize F(x) = (J1(x), J2(x), J3(x))           (5)   
Subject to Tsai – WuIndex ˂ 1.0               (6)   
And a ≤ x ≤ b               (7)   
 

where, J1(x) is drag, J2(x) is weight, J3(x) is EM signal loss and 
x is the design variable vector. a and b are the upper and lower 
limits for each design variable, also called the side constraints. 
The total number of design variables for this problem is 25. 
MDO is carried out for a chosen operational point of aircraft, 
i.e., for the aircraft flying at 0.4 Mach (137 m/s) airspeed and 
2438 m (8000 ft) altitude. The radar operates at 9.5 GHz (‘X’ 
band). 

4.2  Design Objectives
The first design objective radome drag (J1(x)) is evaluated 

using CFD analysis with ANSYS Fluent software. Two main 
components of drag are form or pressure drag and parasite drag. 

table 1. Electrical properties of radome material

 Material Epsilon (ε) Tan δ

Core (Honeycomb) 1.07 0.005
GFRP 4.00 0.020
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Figure 4. comparison of antenna gain.

Figure 3. Radome with X band source, antenna pattern in azimuth (inset).

The former is due to the blockage any shape offers to flow and 
the latter is dependent on the surface area wetted by the airflow. 
Streamlined shapes offer less form drag and more parasite drag 
due to large wetted areas. On the other hand, bluff bodies have 
a lower surface area and hence have lower parasite drag but 
due to higher blockage, they offer higher form drag. The drag 
hence is a compromise in terms of length and bluffness of the 
shape.

Radome weight (J2(x)) is the second design objective. 
Radome weight depends on the surface area, number of laminae 
in the inner and outer skins, the thickness of the laminae (a 
constant here) and the thickness of the core. The weight of 
radome is calculated with Eqn. 8.
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                            (8)   
where, SAR is radome surface area, NL is the number of laminae 
in the inner and outer skin, T is the thickness, ρ is the density, 
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subscript ‘L’ denotes Lamina and subscript ‘c’ denotes Core. 
ANSYS ACP is used for structural analysis.

Due to different media (like GFRP and honeycomb) in the 
radome, EM ray is refracted when traveling from one medium 
to another. It also undergoes internal reflections. The antenna 
pattern undergoes variation due to radome. The difference 
in antenna sidelobe level (in dB), without and with radome, 
is taken as the design objective) for EM discipline and is 
minimised.

4.3  Design constraints
The first design constraint, Tsai-Wu Index of the radome 

structure calculated using Eqn. 9.
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< 1.0 
              (9)   
where, Fij are constants calculated from material properties. 
The radome has to accommodate a planar antenna of size 0.5 
m x 0.25 m. Dimensional constraints are imposed such that the 
radome height is above 0.25 m, where antenna is located.
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             (10)   
Side constraints (see paragraph 4.1) are in addition to the 

above design constraints.

4.4  Multi-Disciplinary Analysis (MDA) process
The analysis blocks of aerodynamics (flow), structures 

and electromagnetics are integrated on a multi-physics 
analysis framework Modefrontier. The software has built-in 
functions to invoke and execute various analysis routines in 
batch-mode. Wrappers are available to read in/write out and 
to parse output files to fetch necessary data. Design variables, 
constraints and objectives can be defined and monitored during 

program execution. A process is set up for carrying out analysis 
in sequence feeding inputs/outputs intra-analysis blocks. MDA 
process is shown in Fig. 5. The process follows Multidiscipline 
Feasible (MDF) architecture. For each complete iteration, 
one feasible solution will be available, subject to fulfilling 
the constraints. MDO of the radome with aerodynamic and 
structural disciplines was studied previously2. Electromagnetic 
discipline is added in this study. The optimiser starts with a set 
of ten designs (called a generation/population) initiated using 
DOE. Successive populations (offsprings) are generated by 
mating chosen parents using genetic operators (cross-over and 
mutation). Parents are selected for mating based on their fitness 
(objective values) based on probabilistic functions. The 
optimisation process is stopped either when a certain number 
of generations are evaluated or when there is no improvement 
in the objective over a few generations.

4.5  Pareto Optimality
Multi-Objective Optimisation (MOO) problems do 

not have a single optimum design since the objectives often 
conflict with each other. Number of optimal designs is found in 
a situation called Pareto optimality. For the twin objective (drag 
and weight) problem the Pareto front is a 2D curve, in which 
the designs are non-dominated i.e., there is no design in this 
front, which is superior to all other designs in all objectives. 

The previous study2 explored the Pareto optimality for 
structural and aerodynamic disciplines using MOGA II and 
PilOPT algorithms and established the Pareto fronts. It was 
shown that the optimised drag and weight values are within 
15 % variation for both algorithms. With three objectives 
under study, the Pareto front will be a 3D plane involving three 
axes.

5.  RESULtS AnD DIScUSSIOn

Figure 5. MDA Process flow.
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Figure 6. Designs with NSGA II algorithm (Pareto front is inset).

Figure 7. comparison of two objectives.
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5.1  nSgA II Algorithm
To start the optimisation, ten designs are generated using 

latin-Hypercube sampling as the first generation of designs. 
using the NSGA II algorithm, 100 generations (every ten 
designs) were created and analysed. All the designs are plotted 
in Fig. 6. Fifty four designs are unfeasible due to violation of 
geometry constraint (Eqn. 10). The Pareto front has twenty-
seven radome designs, shown by circles. A closer view of the 
Pareto front is in the inset picture.

The designs are plotted against two objectives at a time in 
Fig. 7 with designs in the Pareto front highlighted with circles. 
From Fig. 7(a), it can be seen that there is a large variation in 
EM loss for a smaller range of drag. As the EM loss depends to 
large extent on the thicknesses (of layers and core) and to some 
extent on the shape undulations. Drag depends on the shape 
and length as seen in the previous study1. Weight and EM loss 
vary proportionately as both of them depend on thickness and 
length. Surface area (indirectly the undulations) is another 
factor for weight and EM loss.

This phenomenon is shown by Fig. 7(b). Weight and Drag 
vary independently and this is captured in designs as shown 
in Fig. 7(c). The Pareto front is clearly seen with the help of 
Fig. 7. The weight and drag behave in a contradictory manner. 
However, EM loss and weight move in unison as explained. 
Contradictions are seen in EM Loss and drag to a small extent 
only.

table 2. best designs – nSgA II

Design ID EM loss (dB) Drag (N) Weight (kg) Pareto 
front

Best designs in EM loss
439 0.044 180.00 3.790 yes
149 0.131 172.05 4.041 yes
350 0.131 172.00 4.040 yes
Best designs in Drag
924 1.600 154.00 2.470 yes
895 1.610 157.00 1.960 yes
956 1.790 158.00 1.960 no
Best designs in Weight
959 2.220 159.05 1.900 yes
899 2.400 218.00 1.910 no
902 2.420 218.00 1.910 no

table 3. Least optimum designs in Pareto front

Design ID EM loss (dB) Drag (N) Weight (kg)

Least optimum EM loss

525 5.200 301 7.08

546 5.150 292 4.22

667 5.070 274 4.34

Least optimum drag

553 1.830 565 3.34

519 2.680 521 4.81

634 2.970 496 3.36

Least optimum weight

517 4.300 335 8.83

566 4.080 208 8.03

539 4.605 265 7.85
Table 2 shows the three best feasible designs in each of the 

design objectives. All the individual best designs are not lying 
in the Pareto front. The utopia point, which is a theoretical 
minimum of all objectives is (154 N, 1.9 kg, 0.044 dB). 
Although this design cannot be achieved, it shows the minimum 
values that can be achieved if only one disciplinary objective 
is looked at in isolation. The decision maker can get better 
designs, in terms of other objectives, if a slight compromise 
can be made in the desired discipline. Best radomes in terms of 
weight (#959), EM loss (#439) ad drag (#924) are depicted in 
Fig. 8 (designs are scaled).

The least weight design (1.9 kg) has the lowest length of 
all and 2 layers in the inner and outer layers. Its length is 1.5 

Figure 8. best radome designs.

m and its height is 308mm. The core thickness is 6.75 mm. 
Radome with the least EM loss design (0.044 dB) is 1.7 m long 
and 307 mm tall. It has 2 layers in inner & outer layers and 4.25 
mm core. The radome which offers the least drag (154 N) is 
having a length of 1.9 m long and a height of 304 mm.

Table 3 gives details of designs, which are least optimum 
in terms of each objective, lying on the Pareto front. On a 
Pareto front, designs are such that if there is degradation in one 
objective, there is betterment in others.

6.  cOncLUSIOnS
In this study, one parameter of EM loss is taken as a 

parameter for optimisation to demonstrate the inclusion of EM 
discipline in overall MDO. The choice of the parameter can be 
fine-tuned for better EM designs. Also, the best EM designs 
of radomes offer a starting point for the decision maker or 
designer to fine-tune the design by considering real-life aspects 
like losses due to paints and coatings, water ingressions, and 
manufacturing issues. The difference between first- and second-
best designs in EM loss is 0.087 dB (increase). Disciplinary 
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analysis corroborated the results; however, the designs have to 
be revisited. However, a side-lobe difference of up to 0.5 dB 
with and without radome is generally acceptable. 

Multi-objective optimisation of the radome was performed 
using NSGA II and the results are presented. The Pareto front is 
clearly captured with this direct search algorithm. Optimisation 
with MOGA II algorithm is presently progressing and needs to 
be compared with the NSGA II as to how well this algorithm 
can capture the Pareto front and the designs in the Pareto front 
compare. Plotting two disciplinary objectives at a time, the 
Pareto front is better understood. The relation between the 
disciplinary objectives is clearly brought out. Requirements of 
structure and aerodynamics contradict each other and hence the 
designs with the least drag tend to have higher weight and vice 
versa. Structure and EM disciplinary objectives seem to change 
in the same directions and it is seen that heavier radomes tend 
to have higher EM loss due to higher thicknesses. Since drag 
depends on the surface area and undulations and EM depends 
on the cross-section thicknesses, we find designs with a range 
of EM losses for a small range of drag values.

One hundred generations of radome designs (about 1000 
designs) are evaluated for finding the Pareto front. The designer 
or the decision maker is presented with twenty-seven designs of 
radome in the Pareto front which are better than the design 
solutions in the interiors (dominated designs). Comparison of 
best designs in each discipline shows the variation in objective 
values is very small except for EM as pointed out earlier. Hence 
best designs in terms of each objective can be compromised for 
getting better designs in other disciplines involved.
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