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1. Introduction 
 

Antenna is a very important component in a radar system. In order to protect the antenna 
from various environments, dielectric radome is always covered in front of the antenna. 
However, the presence of the radome inevitably affects the radiation properties of the 
enclosed antenna, such as loss and distortion of the radiation pattern. For the monopulse 
tracing radar, the appearance of the radome will deviate the null direction of the difference 
radiation pattern from the look angle of the antenna, which is called the boresight error (BSE) 
of the radome. Thus, an accurate analysis of the antenna-radome system is very important. 
As the wavelength of the millimeter wave is shorter than microwave, the millimeter wave 
radar is more and more popular in monopulse radar system to improve the tracing precision. 
However, as the size of the radome in millimeter wave band is always tens of wavelengths 
or larger, the full-wave methods, such as the method of moments (MoM) [Arvas et al, 1990] 
and the finite element method (FEM) [Gordon & Mittra, 1993], are very difficult to be 
implemented. Whereas, the high-frequency methods [Gao & Felsen, 1985; Paris, 1970], e.g., 
the aperture integration-surface integration (AI-SI) method [Paris, 1970; Volakis & Shifflett, 
1997], are very efficient and can provide an acceptable solution for the radome with smooth 
surface. But for the tangent ogive radome, as there is a nose tip in the front of the radome, 
the AI-SI method is also not suitable and can not get the accurate results. 
In 2001, the hybrid physical optics-method of moments (PO-MoM) was proposed to analyze 
the radome with nose tip [Abdel et al., 2001]. In the hybrid method, the radome was divided 
into two parts: the high frequency part with the smooth surface and the low frequency part 
with the tip nose region. The high frequency part was analyzed by the high frequency method, 
such as the AI-SI method. Then, the surface integration equation was established on the 
radome surface, and the equivalent currents on the high frequency part of the radome were 
substituted into the equation to reduce the unknowns. Finally, the equation with the 
unknowns in the low frequency region was solved to obtain the surface currents on the 
radome. However, for the radome with some complex small structures, such as the multilayer 
radome or the radome with the metallic cap, this hybrid method is very difficult. So some new 
hybrid methods must be proposed to solve these problems. 
The aim of antenna-radome analysis is to improve the performance of the radar system. So, the 
optimal design of the antenna-radome system is very necessary. During the last two decades, 
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many researches have been done to optimize the antenna-radome system. Hsu, et al. 
optimized the BSE of a single-layered radome using simulated annealing technique in 2D [Hsu 
et al., 1993] and 3D [Hsu et al.,1994] with variable thickness radome. The polarization and 
frequency bandwidth performances of a C-sandwich uniform thickness radome have been 
optimized in [Fu et al., 2005] using the genetic algorithm (GA). The power transmission 
property and BSE of a variable thickness A-sandwich radome have also been compromised 
between two uniform thickness radomes [Nair & Jha, 2007]. 
As there are few literatures to discuss about the radome in millimeter wave band, in this 
chapter, we mainly focus on the analysis and optimal design of the radome in millimeter wave 
band. This chapter is divided into the following three parts. 
In section 2, we discuss about the high frequency method for the radome analysis. Firstly, the 
general steps of the AI-SI method to analyze the electrically large radome are given. Then, the 
transmission coefficient in the case when the wave is passing through the radome is derived 
from the transmission line analogy. As the incident angles of the millimeter wave antenna-
radome system are always very large and the electrical thickness of the radome is large, the 
traditional AI-SI method, which is very popular in microwave band, must be modified to 
analyze the radome in millimeter wave band. So, a phase factor of the lateral transmission is 
deduced to modify the conventional transmission coefficient. With this modified transmission 
coefficient, a conical radome at W-band is analyzed by the AI-SI method, and the 
computational and experimental results are compared. 
To analyze the radome with some small complex structures, we present a hybrid method that 
combines high frequency (HF) and boundary integral-finite element method (BI-FEM) 
together in section 3. The complex structures and their near regions (LF part) are simulated 
using BI-FEM, and the other flat smooth sections of the radome (HF part) are modeled by the 
AI-SI method. The fields radiated from the equivalent currents of the HF part determined by 
the AI-SI method are coupled into the BI-FEM equation of the LF part to realize the 
hybridization. In order to account for the higher-order interactions of the radome, the present 
hybrid method is used iteratively to further improve the accuracy of the radome analysis. Also, 
some numerical results are given to shown the validation of the hybrid method. 
In the last section of this chapter, in order to optimize the radome in millimeter wave band, we 
employ GA combined with the ray tracing (RT) method to optimize the BSE and power 
transmittance of an A-sandwich radome in millimeter wave band simultaneously. In the 
optimization process, the RT method is adopted to evaluate the performances of the desired 
radome, and GA is employed to find the optimal thickness profile of the radome that has the 
minimal BSE and maximal power transmittance. In order to alleviate the difficulties of the 
manufacture, a new structure of local uniform thickness is proposed for the radome 
optimization. The thickness of the presented radome keeps being uniform in three local 
regions and only varies in two very small transitional regions, which are more convenient to 
be fabricated than the variable thickness radome [Hsu et al., 1994; Fu et al., 2005; Nair & Jha, 
2007].  

 
2. High Frequency Method for Radome Analysis (Meng et al., 2009a) 
 

2.1 General Steps 
The AI-SI method is a high-frequency approximate method and can analyze the electrically 
large radome in millimeter wave band efficiently. It was introduced to analyze the antenna-

radome system by Paris [Paris, 1970] and many other researchers have done a lot of work on 
it [Kozakoff, 1997, Meng et al., 2008a]. The general steps of this method are as follows: 

 
Fig. 1. Model of the AI-SI method for the antenna-radome analysis. 
 
When the electromagnetic fields on the aperture of the antenna are known, the incident 
wave on the inner surface of the radome can be obtained by integrating over the aperture 
using the Stratton-Chu formulas. The incident vector at the intersection point on the inner 
surface of the radome is established by the direction of the Poynting vector [Wu & Rudduck, 
1974] 
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where
v
  and

//v
  are the unit vectors illustrated in Fig.1, the superscripts i, r and t represent 

the incident, reflected, and transmitted fields, respectively. 
R ,

//R ,
T ,

//T  are the reflection 
and transmission coefficients for the perpendicular and parallel polarizations, and they will 
be discussed later. 
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many researches have been done to optimize the antenna-radome system. Hsu, et al. 
optimized the BSE of a single-layered radome using simulated annealing technique in 2D [Hsu 
et al., 1993] and 3D [Hsu et al.,1994] with variable thickness radome. The polarization and 
frequency bandwidth performances of a C-sandwich uniform thickness radome have been 
optimized in [Fu et al., 2005] using the genetic algorithm (GA). The power transmission 
property and BSE of a variable thickness A-sandwich radome have also been compromised 
between two uniform thickness radomes [Nair & Jha, 2007]. 
As there are few literatures to discuss about the radome in millimeter wave band, in this 
chapter, we mainly focus on the analysis and optimal design of the radome in millimeter wave 
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from the transmission line analogy. As the incident angles of the millimeter wave antenna-
radome system are always very large and the electrical thickness of the radome is large, the 
traditional AI-SI method, which is very popular in microwave band, must be modified to 
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computational and experimental results are compared. 
To analyze the radome with some small complex structures, we present a hybrid method that 
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the AI-SI method are coupled into the BI-FEM equation of the LF part to realize the 
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employ GA combined with the ray tracing (RT) method to optimize the BSE and power 
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optimization process, the RT method is adopted to evaluate the performances of the desired 
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minimal BSE and maximal power transmittance. In order to alleviate the difficulties of the 
manufacture, a new structure of local uniform thickness is proposed for the radome 
optimization. The thickness of the presented radome keeps being uniform in three local 
regions and only varies in two very small transitional regions, which are more convenient to 
be fabricated than the variable thickness radome [Hsu et al., 1994; Fu et al., 2005; Nair & Jha, 
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The reflected wave on the inner surface may bounce between the opposite sides of the 
radome. At this time, it is regarded as the incident wave for the second time step as an 
ordinary incident wave. The same process is repeated for the 3rd, 4th….inner reflections. 
Finally the total fields on the outer surface of the radome are the vector sum of the 1st, 
2nd… transmitted fields. 
When the fields on the outer surface are known, the far field radiation pattern of the 
antenna-radome system can be determined by integrating the fields over the outer surface of 
the radome using the Stratton-Chu formulas again. 

 
2.2 Modified Transmission Coefficient 
Now, we will concentrate on the reflection coefficients

R , 
//R and the transmission 

coefficients
T , 

//T in (2) and (3). 
When a planar wave is incident from medium i to medium j, the Snell’s law must be 
satisfied on the interface. The Fresnel reflection and refraction coefficients for the 
perpendicular and parallel polarizations are given by [Ishimaru, 1991] 
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For the antenna-radome system in millimeter wave band, the radome is always far away 
from the antenna, and the curvature radius of the radome is larger than the wavelength, so 
the incidence of the radiation field upon the radome wall can be simulated as locally planar 
wave impinging upon locally planar dielectric. In this case, the transmission coefficient of 
the dielectric plane is always determined by the transmission line analogy [Kozakoff, 1997]. 
As shown in Fig.2, the N-layered dielectric plane is equivalent to the cascade of the 
transmission lines with different impedances. For the nth equivalent transmission line, the 
length is
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Fig.2. Transmission line analogy of the multi-layered dielectric plane. 
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Then, the conventional reflection and transmission coefficients of the multi-layered 
dielectric plane are determined by the network theory as [Ishimaru, 1991] 
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radome. At this time, it is regarded as the incident wave for the second time step as an 
ordinary incident wave. The same process is repeated for the 3rd, 4th….inner reflections. 
Finally the total fields on the outer surface of the radome are the vector sum of the 1st, 
2nd… transmitted fields. 
When the fields on the outer surface are known, the far field radiation pattern of the 
antenna-radome system can be determined by integrating the fields over the outer surface of 
the radome using the Stratton-Chu formulas again. 
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For the parallel polarization, the reflection and transmission coefficients can be determined 
by replacing the perpendicular effective impedance 

nZ  in (5-7) with the parallel effective 
impedance //

nZ , and the results are given by 
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As indicated in Fig.2, when a planar wave is propagating in the dielectric plane, the 
equivalent propagation constants of the equivalent transmission lines are only the 
longitudinal components of the propagation constants in the dielectrics, and the departure 
point is at

NA . By tracing the ray in the dielectrics, it is clearly that the main route of the 
wave passing through the dielectric plane is

NAAA ...10
, and the departure point of the wave 

on the back surface is at
NA . Therefore, there is a lateral displacement t between the incident 

point
0A  and the departure point
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In the nth layer, the transmission distance of the wave in the lateral direction is 
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In order to simulate the wave propagating through the dielectric plane more exactly, the 
lateral phase shift must be taken into consideration. Thus, we modify the transmission 
coefficient determined by the transmission line analogy with the following lateral phase 
factor 
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Then, we get the modified transmission coefficient for the perpendicular polarization 
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Whereas, for the parallel polarization, there is 
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2.3 Numerical and Experimental Results 
In order to verify the modification of the transmission coefficient, an antenna-radome 
system at W-band is investigated experimentally. The measured radiation patterns are 
compared with the calculated results. 
The conical radome is shown in Fig.3. The radome has a height of 200mm and a base 
diameter of 156mm. In the front part of the radome, there is a dome with the curvature 
radius of 8mm. This radome with the thickness of 5mm is made of Teflon. The permittivity 
of the dielectric is 2.1. A conical horn with the aperture diameter of 20mm is enclosed by the 
radome. The horn can rotate around the gimbal center, which is located at the base center of 
the radome. The antenna-radome system is operating at 94GHz. 
When the antenna points to the axial direction of the radome, Fig.3 shows the radiation 
patterns of the antenna-radome system calculated with the modified transmission coefficient 
and the conventional one. The measured radiation patterns are also given in these figures. In 
Fig.3 (a), the calculated E plane radiation pattern with the conventional transmission 
coefficient is wider than the measured pattern, and the result of the modified one agrees 
with the measured pattern much better. In the H plane as given in Fig.3 (b), the modified 
transmission coefficient predicts the sidelobe level of the pattern precisely; however, the 
calculated radiation pattern with the conventional transmission coefficient has an error of 
5dB comparing with the measured data. 
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For the parallel polarization, the reflection and transmission coefficients can be determined 
by replacing the perpendicular effective impedance 

nZ  in (5-7) with the parallel effective 
impedance //
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As indicated in Fig.2, when a planar wave is propagating in the dielectric plane, the 
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In order to simulate the wave propagating through the dielectric plane more exactly, the 
lateral phase shift must be taken into consideration. Thus, we modify the transmission 
coefficient determined by the transmission line analogy with the following lateral phase 
factor 
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2.3 Numerical and Experimental Results 
In order to verify the modification of the transmission coefficient, an antenna-radome 
system at W-band is investigated experimentally. The measured radiation patterns are 
compared with the calculated results. 
The conical radome is shown in Fig.3. The radome has a height of 200mm and a base 
diameter of 156mm. In the front part of the radome, there is a dome with the curvature 
radius of 8mm. This radome with the thickness of 5mm is made of Teflon. The permittivity 
of the dielectric is 2.1. A conical horn with the aperture diameter of 20mm is enclosed by the 
radome. The horn can rotate around the gimbal center, which is located at the base center of 
the radome. The antenna-radome system is operating at 94GHz. 
When the antenna points to the axial direction of the radome, Fig.3 shows the radiation 
patterns of the antenna-radome system calculated with the modified transmission coefficient 
and the conventional one. The measured radiation patterns are also given in these figures. In 
Fig.3 (a), the calculated E plane radiation pattern with the conventional transmission 
coefficient is wider than the measured pattern, and the result of the modified one agrees 
with the measured pattern much better. In the H plane as given in Fig.3 (b), the modified 
transmission coefficient predicts the sidelobe level of the pattern precisely; however, the 
calculated radiation pattern with the conventional transmission coefficient has an error of 
5dB comparing with the measured data. 
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Fig.3. Measured and calculated radiation patterns of the conical horn enclosed by the conical 
radome: (a) E plane, (b) H plane. 
 
Then, the antenna tilts 100 in the E plane and H plane respectively. The calculated radiation 
patterns with the two transmission coefficients and the measured results are illustrated in 
Fig.4. Comparing these radiation patterns, the patterns calculated with the modified 
transmission coefficient have good agreements with the measured results; however, there is 
an error of 7dB in the left sidelobe between the measured H plane pattern and the one 
calculated with the conventional transmission coefficient. 
 

 
Fig.4. Measured and calculated radiation patterns of the conical horn enclosed by the conical 
radome when the horn tilts 100 in the E plane and H plane respectively: (a) E plane, (b) H 
plane. 

 
3. Hybrid Method for Radome Analysis (Meng & Dou, 2009b) 
 

3.1 General Steps 
As illustrated in Fig.5, the radome is divided into two parts: a) LF region with the length of 
LFL  from the vertex of the radome, in which there are complex structures. b) HF region, the 

remainder portion of the radome with the length of 
HFL , where the surface is smooth and 

the curvature radius is larger than the wavelength. 
 

 
Fig. 5. Configurations of the electrically large A-sandwich tangent ogive radome 
 
In the HF region, the radome surface is smooth and the curvature radius is much larger than 
the wavelength, so the assumption of locally planar dielectric can be adopted. The AI-SI 
method has been found very efficient and can get acceptable result for this structure. 
Firstly, the incident fields  ii HE


,  on the inner surface of the radome are assumed only the 

radiation fields from the antenna as the traditional antenna-radome analysis [Abdel et al., 
2001]. 
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where  ApAp MJ


,  are the electric and magnetic currents on the aperture of antenna, and the 

operators  JEJ
 and  MEM

 are defined as: 
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in which S  is the aperture of the antenna and  ',rrG  is the 2D free space green’s function. 
The operators  MHM


 and  JH J

  in (18) are duality of (19). 
Then, the reflected fields  rr HE


,  on the inner surface and the transmitted fields  tt HE


,  on 

the outer surface of the radome can be determined by transmission line analogy as in [IP & 
Yahaya, 1998]. The equivalent currents on the inner surface of the HF region of the radome 
are determined by equivalence theorem as follows 
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in which S  is the aperture of the antenna and  ',rrG  is the 2D free space green’s function. 
The operators  MHM
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 and  JH J

  in (18) are duality of (19). 
Then, the reflected fields  rr HE


,  on the inner surface and the transmitted fields  tt HE


,  on 

the outer surface of the radome can be determined by transmission line analogy as in [IP & 
Yahaya, 1998]. The equivalent currents on the inner surface of the HF region of the radome 
are determined by equivalence theorem as follows 
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and the currents on the outer surface are 
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where n̂  is the unit normal vector on the surface of the radome. 
For 2D TM case, the electrical field 

zE in the LF region satisfies the following Helmholtz 
equation 
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where   is the interior area of the FE region and   is its boundary. 

zJ  is the unknown 
electric current on  . 

rr  ,  are the relative permittivity and permeability in  . For the non-
uniform region, 

rr  , are the functions of the position. 
The field 

zE  can be solved by minimizing the following functional [Jin, 1993] 
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As described in [Jin, 1993], the filed 

zE  in   is expanded in terms of finite element function 
defined in triangle and the electric current 

zJ  is expanded using the triangular basis 
function. Applying the finite element analysis to (23), the linear equation of FEM is obtained 
as follows: 
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where K, B are the coefficient matrices, LF

IE  is the filed in   and LFE , LFJ  are the field and 

current on  , respectively. 
The LF region can also be analyzed as a scattering problem. The scatter is the LF region of 
radome and the excitation is the radiation fields from the antenna and the PO currents on 

HF region together. The electric field integral equation in the exterior of LF region is 
established as 
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where LFLF MJ


,  are the unknown currents on the boundary   and the incident field 

iE
  is 

sum of the following parts: 
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in which    Ap

M
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,  are the radiation fields from the aperture antenna and 

   HF
M

HF
J MEJE


,  are the fields radiated by the PO currents of the HF region. 

Then, MoM is applied to equation (25). On the boundary   we have the relationship of 
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So the currents LFLF MJ ,  are expanded in terms of triangular basis functions and the 

Galekin’s testing is employed. We obtain the following matrix equation: 
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where P, Q are the coefficient matrices of MoM and b is the excitation column. 
As we have the relationship of (27) on the boundary  , we find that (24) and (28) have the 
same unknowns LFLF JM , . Combining the two equations together, we obtain the hybrid 

equation of PO-BI-FEM [Jin, 1993] 
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Solving this hybrid equation, the currents LFLF MJ ,  on the boundary   of the LF region are 
obtained. The currents HFHF MJ ,  in HF region are already determined by PO modeling in 
(20) (21), then the far field radiation pattern of the antenna-radome system can be 
determined by integrating the currents over the outer surface of the radome. 
In our former PO modeling, the incident fields (18) on the inner surface of the radome are 
assumed only the radiated fields from the antenna and the mutual interactions among the 
different parts of the radome are ignored. Actually, the equivalent currents LFJ

 , LFM
 , HFJ

 , 

and HFM
  on the surface of the radome will radiate for the second time (secondary radiation). 
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where n̂  is the unit normal vector on the surface of the radome. 
For 2D TM case, the electrical field 

zE in the LF region satisfies the following Helmholtz 
equation 
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where   is the interior area of the FE region and   is its boundary. 

zJ  is the unknown 
electric current on  . 

rr  ,  are the relative permittivity and permeability in  . For the non-
uniform region, 

rr  , are the functions of the position. 
The field 

zE  can be solved by minimizing the following functional [Jin, 1993] 
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As described in [Jin, 1993], the filed 

zE  in   is expanded in terms of finite element function 
defined in triangle and the electric current 

zJ  is expanded using the triangular basis 
function. Applying the finite element analysis to (23), the linear equation of FEM is obtained 
as follows: 
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where K, B are the coefficient matrices, LF

IE  is the filed in   and LFE , LFJ  are the field and 

current on  , respectively. 
The LF region can also be analyzed as a scattering problem. The scatter is the LF region of 
radome and the excitation is the radiation fields from the antenna and the PO currents on 

HF region together. The electric field integral equation in the exterior of LF region is 
established as 
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,  are the fields radiated by the PO currents of the HF region. 

Then, MoM is applied to equation (25). On the boundary   we have the relationship of 
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So the currents LFLF MJ ,  are expanded in terms of triangular basis functions and the 

Galekin’s testing is employed. We obtain the following matrix equation: 
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where P, Q are the coefficient matrices of MoM and b is the excitation column. 
As we have the relationship of (27) on the boundary  , we find that (24) and (28) have the 
same unknowns LFLF JM , . Combining the two equations together, we obtain the hybrid 

equation of PO-BI-FEM [Jin, 1993] 
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Solving this hybrid equation, the currents LFLF MJ ,  on the boundary   of the LF region are 
obtained. The currents HFHF MJ ,  in HF region are already determined by PO modeling in 
(20) (21), then the far field radiation pattern of the antenna-radome system can be 
determined by integrating the currents over the outer surface of the radome. 
In our former PO modeling, the incident fields (18) on the inner surface of the radome are 
assumed only the radiated fields from the antenna and the mutual interactions among the 
different parts of the radome are ignored. Actually, the equivalent currents LFJ

 , LFM
 , HFJ

 , 

and HFM
  on the surface of the radome will radiate for the second time (secondary radiation). 
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In order to take this high-order interaction into radome analysis, we modify the incident 
fields (18) on the inner surface of the radome by 
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These new incident fields are the sum of the fields from the antenna aperture and the 
surface currents on the radome. The other steps are the same as before and we repeat the 
antenna-radome analysis again. After the second iteration, the currents on the surface of the 
radome are updated and the radiation pattern is calculated again. 
It can be predicted that the results of the second iteration are more accurate because of 
approximately considering the mutual interactions of the radome. In a similar way, we can 
determine the secondary radiation fields using the updated currents, and then we start the 
third iteration. The same process can be done for the fourth, fifth… iteration. As more 
iteration is done, the results will be more accurate; however, it will cost more time. 
Compromising between the accuracy and efficiency, when the results of two adjacent 
iterations have no significant difference, the iterative step can be stopped. 

 
3.2 Numerical Results 
Firstly, a moderate size A-sandwich tangent ogive radome is analyzed using the present 
IPO-BI-FEM and the results are compared with that of the full wave method to verify the 
validity of the method. The three-layered radome is 

03.17   in length, 
020  in based diameter 

with the thicknesses of 
000 08.0,12.0,08.0   and dielectric relative permittivity of 4.0, 1.8, and 

4.0, respectively. An antenna with the aperture diameter of 
05.5   locates at the base center of 

the radome. The aperture currents are cosine distribution. The section with the length of 
05.2 LFL from the tip is chosen as the LF region and the other smooth portion of the 

radome is HF region. 

 
Fig.6. Radiation patterns of the A-sandwich tangent ogive radome determined by full wave 
method and IPO-BI-FEM with 

05.2 LFL  and 
00.5 LFL  

The normalized radiation pattern of the antenna-radome system determined by IPO-BI-FEM 
after three iterations is given in Fig.6. The result determined by the full wave method is also 
shown as a comparison. It is clear that, the main lobe and first side lobe of the pattern 
determined by IPO-BI-FEM agree well with the full wave result, but some differences 
appear in the far side lobes. As in Fig.6, when the LF region extends to

00.5 LFL , the second 
and third side lobes are also well predicted and the other side lobes are more close to the 
reference. It can be predicted that as the LF region becomes longer, the radiation pattern will 
agree better with the full wave result, but it will cost more time. When LLF is set as the total 
length of the radome, the hybrid method becomes pure BI-FEM, which is a full wave 
method, and our reference result is obtained, but the efficiency is lowest. Considering the 
accuracy and efficiency of the hybrid method, setting LLF about 

05  from the tip is a 
compromise. 

 
Fig. 7. Radiation patterns of the A-sandwich radome determined by the full wave method 
and IPO-BI-FEM in different iteration 
 
Fig.7 shows the normalized radiation patterns of the tangent ogive radome in the three 
iterations when simulated using IPO-BI-FEM with 

00.5 LFL . It is seen that, the pattern of 
the first iteration has considerable differences with that determined by full wave method; 
however, the patterns of the second and third iteration are about the same and both agree 
very well with the reference result. As the mutual interactions of the radome are accounted 
in the last two iterations, this iterative use of the hybrid method indeed improve the 
accuracy of the result, but it need additional time for the iteration. In practical simulation, 
three iterations are enough to obtain the convergent results. 
At the same time, IPO-BI-FEM only spends 31 minutes to simulate this moderate size 
radome; however, the full wave method takes about 4 hours and 10 minutes. A reduction in 
CPU time by a factor of 8 is reached. The improvement of efficiency of the present method is 
obvious. For electrically large radome, the efficiency of the present method will be much 
higher. 
Then, an electrically large A-sandwich radome as in Fig.5 is analyzed as the first application. 
This radome is also tangent ogive shape with the electrically large size of 

0100  in length and 

080  in base diameter. The thicknesses of the three layers are 
0035.0  , 

033.0   and 
0035.0  . The 
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In order to take this high-order interaction into radome analysis, we modify the incident 
fields (18) on the inner surface of the radome by 
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These new incident fields are the sum of the fields from the antenna aperture and the 
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method, and our reference result is obtained, but the efficiency is lowest. Considering the 
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compromise. 
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Fig.7 shows the normalized radiation patterns of the tangent ogive radome in the three 
iterations when simulated using IPO-BI-FEM with 

00.5 LFL . It is seen that, the pattern of 
the first iteration has considerable differences with that determined by full wave method; 
however, the patterns of the second and third iteration are about the same and both agree 
very well with the reference result. As the mutual interactions of the radome are accounted 
in the last two iterations, this iterative use of the hybrid method indeed improve the 
accuracy of the result, but it need additional time for the iteration. In practical simulation, 
three iterations are enough to obtain the convergent results. 
At the same time, IPO-BI-FEM only spends 31 minutes to simulate this moderate size 
radome; however, the full wave method takes about 4 hours and 10 minutes. A reduction in 
CPU time by a factor of 8 is reached. The improvement of efficiency of the present method is 
obvious. For electrically large radome, the efficiency of the present method will be much 
higher. 
Then, an electrically large A-sandwich radome as in Fig.5 is analyzed as the first application. 
This radome is also tangent ogive shape with the electrically large size of 
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three layers are low lossy dielectrics with the permittivity of 4.0, 1.8, 4.0 and loss tangent of 
0.002, 0.001, and 0.002, respectively. An antenna with the diameter of 

020  is located at the 
base center of the radome. The aperture distribution is cosine function. Two different LF 
region lengths (

00 0.10,0.5 LFL ) are chosen. This radome is simulated by IPO-BI-FEM with 
three iterations. The radiation patterns of this antenna-radome system are compared with 
the pattern of the antenna without radome in Fig.8. As we can see, when the radome is 
covered, there is an attenuation of 1.1dB in the maximal gain, a shoulder appears in the 
main lobe, and all the far side lobes are raised significantly.  Comparing the radiation 
patterns determined with 

00.5 LFL  and 
00.10 LFL , the main lobe and the first two side 

lobes are very close to each other, which verifies the convergence of IPO-BI-FEM. 

 
Fig. 8. Radiation patterns of the antenna without radome and with the electrically large A-
sandwich tangent ogive radome when 

00.5 LFL and 
00.10 LFL  

 
For the antenna-radome system on high-speed aircraft, the radome always suffers from the 
rain erosion, especially in the tip region. In the purpose of overcoming this problem, a 
metallic cap is covered in the front of the radome to protect the radome (Fig.9). 
Unfortunately, very little open literature is available for accurately analyzing this complex 
radome [Kozakoff, 1997]. However, it can be analyzed easily by the presented hybrid 
method. 
As in Fig.9, the radome with the length of 

086 , base diameter of 
030 , and thickness of 

032.0   has a Von-Karman outer profile to satisfy the aerodynamic requirement. The metallic 
cap with the thickness of mm0.1  is embedded in the front of radome to resist the rain erosion. 
A phase array antenna with 26 elements and element distance of mm5.6 can rotate around 
the gimbal, which is mm200  from the base center of the radome. The operating frequency is 
at Ka band. 
In our model, the radomes with three different sizes of metallic cap are investigated. They 
are mmDC 0 (means without metallic cap), mm12 , and mm18  respectively. The LF region is 
extended 

05  from the cap. The radiation patterns of the antenna-radome system with 
different metallic caps are compared in Fig. 10. The radiation pattern of the array antenna 
without radome is also given as a reference. It is clear that, the radome without metallic cap 

only induces an attenuation of dB4.0  in the main beam and the sidelobe level rises from 
dB3.27 to dB4.19 . However, when the metallic cap with mmDC 12  covered, the 

attenuation increases to dB1.1  and all the sidelobe are raised significantly. As the metallic 
cap increasing to mmDC 18 , an additional attenuation of dB6.0  appears and the side lobes 
are much higher. This IPO-BI-FEM can analyze the effects of the metallic cap on the 
antenna-radome system accurately and conveniently. 
 

 
Fig. 9. Configurations of the electrically large Von-Karman radome with metallic cap 
 

 
Fig. 10. Radiation patterns of the antenna-radome system with different metallic caps 
 
Then the array antenna tilts with 100 to the left of the y axis. The radiation patterns of the 
antenna-radome system are given in Fig. 11. As we can see, when the antenna tilted, the 
metallic cap is removed from the main beam, the blockages of the cap and the high-order 
interactions between the metallic cap and radome are much smaller. Compared with the 
patterns in Fig.10, the influences of these radomes on the radiation patterns of the antenna 
are much smaller. 
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Fig. 11. Radiation patterns of the antenna-radome system when the antenna tilted with 10° 

 
4. Antenna-radome Optimization (Meng & Dou, 2008b) 
 

4.1 General Steps 
For the antenna-radome system in millimeter wave band, the electrical sizes of the radome 
are always very large. The high frequency method, such as RT method [Kozakoff, 1997] is 
very efficient and can get acceptable results, especially for radome with smooth surface. The 
RT method assumes that the fields radiate from the aperture of the antenna like a bunch of 
rays and transmit through the radome as the wall is locally plane at each intercept point. 
The fields outside the radome are obtained by accounting for the effects of the radome wall 
on the amplitude and phase of the propagation rays. The radiation performances of the 
antenna-radome system are determined by integrating the fields over the outer surface of 
the radome using Stratton-Chu formula. 
As the radome wall has different transmission effects on different rays, the radiation 
patterns of the antenna-radome system are distorted. For the radome covered monopulse 
antenna, the gain loss of the sum radiation pattern is the power transmittance, and the 
angular difference between the null direction of the difference radiation pattern and the look 
angle of the antenna is the BSE induced by the radome. In order to improve the 
performances of the antenna-radome system, we can change the thicknesses of the radome 
wall at different parts to compensate the amplitude and phase distortion of the rays. 
In general optimization of the radome, the thickness of the radome varies in the entire 
region [Hsu et al., 1993; Hsu et al., 1994; Nair & Jha, 2007]. However, the grind of this 
variable thickness radome is very laborious and the accuracy is difficult to control, 
especially for the electrically large radome in millimeter wave band. For the purpose of 
overcoming this problem, the region with variable thickness must be as small as possible. 
Thus, we propose the structure of local uniform thickness radome in the present work. The 
radome wall is described as below. 
The A-sandwich wall consists of two high-density dielectric skins separated by a low-
density core having a lower relative permittivity than the skins. The thickness profile d(z) of 
the local uniform thickness A-sandwich radome is expressed as the following piecewise 
function: 
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where  dS is the thickness of the skin layers, d1, d2, and d3 are the thicknesses of the core layer 
in the three local uniform regions, z1, z2 are the locations of the transitional regions as in 
Fig.12 (a).   is the wavelength in free space and L is the total length of the radome. The 
thickness profile of the radome wall is guaranteed to be smooth by the function f1(z), f2(z) in 
the transitional regions: 
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Compared with the transitional length ( 2 ), the thickness changes (from d1 to d2 or from d2 

to d3) in the transitional region are very small and the curvature radius of the radome wall is 
very large, so the RT method is still applicable. The 3D radome is a body of revolution 
(BOR) by revolving the thickness profile of the radome around the z axis. 
In the optimization process, we employ GA to find the best thicknesses at different parts of 
the radome. GA is a global optimization method and is more and more popular in 
electromagnetic engineering [Weile & Michielssen, 1997]. The variables dS, d1, d2, d3, z1, z2 of 
the local uniform thickness radome are chosen as the optimal parameters and the objects are 
to minimize the maximum BSE and maximize the minimum power transmittance when the 
antenna scans in the desired angle of azimuth (AZ) and elevation (EL) planes. The objective 
function ObjF of the GA model is defined as: 
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Where   is the scanning angle in the two planes. min{f}, max{f} are the minimum and 
maximum of the function f. BSE(f), PTrans(f) are the BSE and power transmittance of the 
desired radome, respectively. 

 
4.2 Numerical Results 
The configuration of our antenna-radome system is illustrated in Fig.12 (a). The outer profile 
of the radome is a Von-Karman curve to satisfy the aerodynamic requirement and the inner 
surface varies with the thickness profile. The radome with the length of 

086  and the base 
diameter of 

030  covers a waveguide slot antenna with a circular aperture. The aperture is 
divided into four parts to form the sum and difference patterns in the AZ and EL plane, 
respectively. The antenna can rotate from -30° to +30° in the two main planes around the 
gimbal, which is 200 mm away from the base center of the radome, and the radius of 
rotation is 50 mm. The two skin layers of the A-sandwich radome have the dielectric with 
relative permittivity of 0.6r  and loss tangent of 002.0tan  . The core layer is made of 
foam with 2.1r  and 001.0tan  . The antenna-radome system works at Ka band. 
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Fig. 11. Radiation patterns of the antenna-radome system when the antenna tilted with 10° 
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antenna-radome system are determined by integrating the fields over the outer surface of 
the radome using Stratton-Chu formula. 
As the radome wall has different transmission effects on different rays, the radiation 
patterns of the antenna-radome system are distorted. For the radome covered monopulse 
antenna, the gain loss of the sum radiation pattern is the power transmittance, and the 
angular difference between the null direction of the difference radiation pattern and the look 
angle of the antenna is the BSE induced by the radome. In order to improve the 
performances of the antenna-radome system, we can change the thicknesses of the radome 
wall at different parts to compensate the amplitude and phase distortion of the rays. 
In general optimization of the radome, the thickness of the radome varies in the entire 
region [Hsu et al., 1993; Hsu et al., 1994; Nair & Jha, 2007]. However, the grind of this 
variable thickness radome is very laborious and the accuracy is difficult to control, 
especially for the electrically large radome in millimeter wave band. For the purpose of 
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Thus, we propose the structure of local uniform thickness radome in the present work. The 
radome wall is described as below. 
The A-sandwich wall consists of two high-density dielectric skins separated by a low-
density core having a lower relative permittivity than the skins. The thickness profile d(z) of 
the local uniform thickness A-sandwich radome is expressed as the following piecewise 
function: 
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where  dS is the thickness of the skin layers, d1, d2, and d3 are the thicknesses of the core layer 
in the three local uniform regions, z1, z2 are the locations of the transitional regions as in 
Fig.12 (a).   is the wavelength in free space and L is the total length of the radome. The 
thickness profile of the radome wall is guaranteed to be smooth by the function f1(z), f2(z) in 
the transitional regions: 
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Compared with the transitional length ( 2 ), the thickness changes (from d1 to d2 or from d2 

to d3) in the transitional region are very small and the curvature radius of the radome wall is 
very large, so the RT method is still applicable. The 3D radome is a body of revolution 
(BOR) by revolving the thickness profile of the radome around the z axis. 
In the optimization process, we employ GA to find the best thicknesses at different parts of 
the radome. GA is a global optimization method and is more and more popular in 
electromagnetic engineering [Weile & Michielssen, 1997]. The variables dS, d1, d2, d3, z1, z2 of 
the local uniform thickness radome are chosen as the optimal parameters and the objects are 
to minimize the maximum BSE and maximize the minimum power transmittance when the 
antenna scans in the desired angle of azimuth (AZ) and elevation (EL) planes. The objective 
function ObjF of the GA model is defined as: 
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Where   is the scanning angle in the two planes. min{f}, max{f} are the minimum and 
maximum of the function f. BSE(f), PTrans(f) are the BSE and power transmittance of the 
desired radome, respectively. 

 
4.2 Numerical Results 
The configuration of our antenna-radome system is illustrated in Fig.12 (a). The outer profile 
of the radome is a Von-Karman curve to satisfy the aerodynamic requirement and the inner 
surface varies with the thickness profile. The radome with the length of 

086  and the base 
diameter of 

030  covers a waveguide slot antenna with a circular aperture. The aperture is 
divided into four parts to form the sum and difference patterns in the AZ and EL plane, 
respectively. The antenna can rotate from -30° to +30° in the two main planes around the 
gimbal, which is 200 mm away from the base center of the radome, and the radius of 
rotation is 50 mm. The two skin layers of the A-sandwich radome have the dielectric with 
relative permittivity of 0.6r  and loss tangent of 002.0tan  . The core layer is made of 
foam with 2.1r  and 001.0tan  . The antenna-radome system works at Ka band. 
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Fig. 12. (a) Configuration of the antenna-radome system, (b) thickness profiles of the 
uniform, local uniform thickness, and variable thickness radome 
 

Fig. 13. Boresight errors of the uniform, local uniform thickness, and variable thickness 
radome in AZ and EL plane 

Fig. 14. Power transmittances of the uniform, local uniform thickness, and variable thickness 
radome in AZ and EL plane 
 
As an example, the proposed structure of local uniform thickness is adopted for the radome 
optimization. The thicknesses dS of two skin layers are limited between 1.7 mm and 2.0 mm, 
the thicknesses of the core layer in the three local regions can vary from 6.5 mm to 8.5 mm, 
and the positions of the two transitional regions are constrained as 0<z1<z2< 086 . After 
optimization by the multi-objective GA, the optimal thickness profile of the local uniform 
thickness radome is shown in Fig.12 (b), and the BSE and power transmittance against the 
scanning angle are given in Fig.13-14. As a reference, the BSE and power transmittance of a 
uniform thickness radome with the skin thickness of dS=1.85 mm and uniform core thickness 
of dC=7.5 mm are also shown in Fig.13-14. Compared with the results of uniform thickness 
radome, the maximal BSE of the optimal antenna-radome system is reduced from 0.30 to 
0.050 and the minimal power transmittance is increased from 66% to 86%. In the entire 
scanning range, the changes of the BSE and power transmittance are more slowly, which is 
more favorable for the radar tracing system. The above results verify the validities of the 
local uniform thickness radome and the multi-objective optimization model. 
The variable thickness optimization described in [Hsu et al., 1994] is also implemented as a 
comparison. The thicknesses of the skin and core layers are restricted the same as the local 
uniform optimization. The thickness profile of the optimal radome is shown in Fig.12 (b) 
and the BSE and power transmittance are also given in Fig.13-14. It is clear that the present 
local uniform thickness radome obtains the similar BSE and power transmittance as the 
variable thickness optimization; however, the proposed radome keeps being uniform in 
most parts of the radome and the thickness only varies in two very small regions, which is 
easier to be fabricated than the variable thickness radome. 

 
5. Conclusion 
 

As the development of millimeter wave technology, the millimeter wave antenna-radome 
systems have been used more and more popular. In this chapter, we mainly concentrate on 
the methods for radome analysis and design. The general AI-SI method is modified to 
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improve the accuracy of millimeter wave radome analysis. The hybrid IPO-BI-FEM method 
is proposed to deal with the radome with small complex structures. Also, the GA combined 
with the RT method is adopted to optimize the BSE and power transmittance of the 
millimeter wave radome. All these methods have been verified validity by the numerical 
and experimental results. Some analysis and design examples are given. 
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