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INTRODUCTION 

With the increasing use and reliance on commercial and military wireless communications systems, 
sophistication in terms of technology, level of integration, and miniaturization is also increasing. 
Thus, there is a necessity for space/volume reduction and increased antenna functionality. 
  
Printed antennas are very attractive for a variety of commercial and military applications. However, 
they suffer from narrow bandwidth and large size as the frequency is lowered. So far, material and 
general shape/topology optimization has not been pursued primarily due to challenges associated 
with the fabrication of inhomogeneous materials and limited access to versatile analysis tools. 
However, solid proof for the innovations that new material designs play a critical role in design and 
performance have been already demonstrated [1], [2]. Few methods in the context of material 
design were also employed to overcome the intrinsic disadvantages of patch antennas [3], [4]. 
Although these efforts showed the trends to achieve significantly enhanced performance, the 
ultimate designs still rely on designer expertise or offer restricted design freedom.  
 
Topology optimization is, by far, more general than any other existing design technique since it 
draws from a broader class of design solutions as compared to conventional methods. Consequently, 
systematic design methods employing topology optimization, should be able to improve 
considerably existing designs by considering topology and material attributes to deliver entirely 
new and more efficient devices with increased functionality. In fact, topology optimization methods 
have been applied successfully to many industrial problems and have reached a level of maturity in 
the structural mechanics area for almost 20 years [5]. However, there are very few examples for 
topology optimization of electromagnetic devices and the majority of these dealt with problem 
specific, restricted or semi-analytic tools for magneto-static applications [6-8].  
 
In this study, a topology optimization method, more specifically the SIMP [6] design method is 
extended for the first time to EM design. As an example, high-contrast 3D dielectric materials are 
designed and fabricated using thermoplastic green machining for a microstrip patch antenna subject 
to pre-specified bandwidth and miniaturization criteria. A key element of this extension is the use 
of the latest fast algorithms. For design optimization, the Sequential Linear Programming (SLP) [9] 
and an exact sensitivity analysis based on the solution of the adjoint problem [7] is employed. The 
sensitivity analysis is crucial to integrating the solver with the SLP optimizer and for allowing 
problem convergence. The proposed novel design approach effectively combines FEA with 
topology optimization techniques and allows for full flexibility in geometry and material 
specifications across three dimensions for possible antenna and filter applications. 

DESIGN PROCEDURE 

All numerical design methods are composed of at least two modules linked together within a loop: 
one module is the field analysis and the other contains the optimization tool. Our proposed design 
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approach is based on the integration of the optimizer with fast and robust hybrid finite element-
boundary integral simulations. Application of hybrid methods to infinite periodic structures provide 
full 3-D modeling flexibility and allows for designing arbitrary geometrical and material details. By 
virtue of the finite-element method and its O(N) memory demand and CPU complexity, this module 
is an ideal candidate for practical printed antenna designs without limitations on antenna shape and 
topology, or substrate material distribution. Accurate results have already been obtained for 
scattering and radiation applications demonstrating the method’s capability [10]. 
 
As our design method, we employ the topology optimization method based on the SIMP approach. 
SIMP has been accepted as a simplified design tool for many years. It allows for novel shape 
designs by distributing material within a given design domain without a-priori information on the 
initial shape or topology of the device. In practice, to specify the material properties, the design 
domain is discretized into material cells/finite elements. A key aspect of the approach is the 
introduction of the density variable, a normalized continuous variable for each FE/design pixel. The 
artificial density is related to the physical material parameter (the permittivity), mathematically 
manifested in the form of the empirical relationship: 1/

int( )/( ) n
air orig airρ ε ε ε ε= − −  where n is a 

penalization factor; 
intε and origε refer to the intermediate and original solid material permittivities, 

respectively. Thus, graded material can be modeled by assigning different density values from 0 to 
1 in each cell to represent a material variation from cell to cell. This allows for image-based 
representation of a device with any topology or material composition. As n increases, intermediate 
values for the permittivity are less likely to occur.  
 
For our design problem, the specific goal is to determine the substrate material distribution under a 
square patch antenna subject to pre-specified bandwidth and miniaturization requirements. In this 
case, the densities are the design variables in the non-linear optimization framework. An 
appropriate model for the corresponding topology optimization problem employing the SIMP 
method would be to find the design variables ρ  that minimize the cost function: 
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constraints (0/1) for each density variable. Minimization of the highest return loss among sampled 
frequency points Nfreq is known to maximize the return loss (S11) bandwidth and the volume 
constraint basically limits the available amount of material. The design problem is easily 
recognized as a general non-linear optimization problem with several thousand variables/FEs, 
which makes the use of gradient-based optimization techniques a must for the solution of the 
optimization process. The iterative optimization scheme chosen here, due to its well-known 
efficiency and reliability is the Sequential Linear Programming (SLP) method, employing the 
DSPLP package in the SLATEC library [11]. The essence of the SLP routine is to replace the 
objective function and constraints by their linear approximations at each iteration. Updates of the 
design variables are pursued thru the use of gradient information obtained thru the adjoint variable 
method, which is an efficient method and permits full interface with the FE-BI electromagnetic 
solver. This sensitivity analysis is crucial to integrating the solver with the SLP optimizer.  
 
The ultimate algorithm for the proposed design cycle consists of the following iterative steps: 1) 
Simulation of the device performance using the FE-BI solver with pre-specified data, 2) Solution of 
the adjoint system equations of the original problem for the sensitivity analysis, 3) Optimization of 
the volumetric material distribution of the dielectric substrate using an SLP algorithm and 4) 
Updating the design variables (densities/permittivities) relying on the interpolation scheme of the 
SIMP design method. Convergence is achieved when the changes in the objective function value 
drops below a certain value on the order of 10-3. 



DESIGN EXAMPLE 

The main goal here is to improve the bandwidth performance of a chosen simple patch antenna by 
designing its substrate material using the design procedure outlined above. The details of the whole 
structure are displayed in Figure 1. An initial homogenous substrate with ε=42 is chosen for the 
frequency range of interest (1-2 GHz sampled over 21 frequency points). The volume constraint is 
set to 70% to avoid trivial bandwidth improvement via lower dielectric constant. With each design 
cell being updated via the SIMP method and the SLP routine as above, a graded volumetric design 
was obtained in only 20 iterations. The computation time for the entire design process with 4000 
finite elements and 21 frequency points per iteration, was 17 hours on a Pentium 3 Processor. The 
converged material distribution is displayed in Figure 1 as a 3D color-coded block with each color 
pixel corresponding to a certain permittivity value. The corresponding return loss behavior for the 
optimized and initial dielectric distribution is compared in Figure 2. Given the poor bandwidth at 
the starting point of the design, a 5dB return loss bandwidth of 6.7%, the attained bandwidth 
performance (with material design only) is truly remarkable. Specifically, the designed substrate 
delivered a 5 dB return loss bandwidth of 17% and a 10 return loss bandwidth of 11%. 
 
To fabricate the design, certain post processing/image processing were necessary to transform it 
into a two material composite. Adaptive Image Processing with a simple filtering idea based on a 
cut-off value of 0.64 for the densities was adapted to solidify and fabricate the 3D material 
composite substrate (Figure 2) using Thermoplastic Green Machining. More specifically, first a 
thermoplastic compound was prepared by mixing commercially available low-temperature cofirable 
ceramic (ULF 101) powder with melted binder systems. Once compounded, it was warm-pressed 
and the dielectric block in its “green body” state was obtained. The material is machinable at this 
stage and has slightly larger dimensions than the original design. After removing material via a 
computer-controlled equipment (Modela; Roland DG Corp., Japan) according to the filtered design 
geometry, the substrate is finally sintered. During machining, it is also slightly modified for 
machinability and shrinkage considerations after sintering. The return loss behavior of the 
fabricated design is compared to the initial substrate and the volumetric graded design in Figure 2. 
It is important to note that the attained bandwidth is even improved for the fabricated design. This 
demonstrates the power of integrating robust optimization techniques with simple filtering 
processes for manufacturable substrates with improved performance.  
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Figure 1. (Left) Schematic of patch antenna on initial homogeneous substrate (dimensions are in cm) 
and optimized volumetric graded substrate (right) 



                     

0

1.4 1.6 1.8 2-30

-25

-20

-15

-10

-5

Optimized design * 
Fabricated --

Initial  

Freq (GHz)

R
et

ur
n 

L
os

s 
(d

B
)

0

1.4 1.6 1.8 2-30

-25

-20

-15

-10

-5

Optimized design * 
Fabricated --

Initial  

Freq (GHz)

R
et

ur
n 

L
os

s 
(d

B
)

                   

Figure 2. (Left) Fabricated substrate after filtering and modifications  and its return loss 
performance comparison with  initial and optimized volumetric graded substrate (right).  

CONCLUSION 

A novel design procedure based on the integration of full wave FEA and the SIMP design method 
employing SLP for the optimization was introduced. The capability was demonstrated by achieving 
a 250% BW improvement for a probe fed patch antenna through design of only the dielectric 
substrate while size is kept constant. The design is filtered and solidified to achieve a 
manufacturable state. The fabricated final design using TGM is indeed a remarkable demonstration 
of our ability to design and manufacture novel material compositions with dramatically new 
applications.  
 

REFERENCES 
 
[1] C. A. Kyriazidiou, R. E. Diaz, N. G. Alexopoulos, “Novel material with narrow-band transparency 
window in the bulk,” IEEE Trans. Antennas Propagat., vol.48, no. 1, pp. 107-116, Jan. 2000 
[2] D. R. Smith, D. C. Vier, N. Kroll, S. Schultz, “Direct calculation of permeability and permittivity for a 
left-handed metamaterial,” Applied Physics Letters, vol.77, no. 14, pp.2246-2248, Oct. 2000  
[3] G. P. Gauthier, A. Courtay and G. M. Rebeiz, “ Microstrip antennas on synthesized low dielectric-
constant substrates,” IEEE Trans. Antennas Propagat., vol. 45, no.8, pp.1310-1314, August 1997 
[4] Z. Li, Y. E. Erdemli, J.L. Volakis and P.Y. Papalambros, “Design Optimization of Conformal Antennas 
by Integrating Stochastic Algorithms With the Hybrid Finite-Element Method ,” IEEE Transactions on  
Antennas Propagaion, vol. 50, no. 5, May 2002 
[5] M. P. Bendsøe and N.Kikuchi, “Generating optimal topologies in structural design using a 
homogenization method,” Computer Methods in Applied Mechanics and Engineering, 71:197--224, 1988 
[6] O. Sigmund, “Design of multi-physics actuators using topology optimization- Part I: One material 
structures”, Computer methods in applied mechanics and engineering, vol. 190, pp. 6577-6604, 2001 
[7] D. N. Dyck, D. A. Lowther and E. M. Freeman, “A method of Computing the Sensitivity in 
Electromagnetic Quantities to changes in Materials and Sources,” IEEE Transactions on Magnetics, vol. 30, 
no. 5, Sept. 1994 
[8] D. N. Dyck, D. A. Lowther, “Automated design of magnetic devices by optimizing material 
distributions,” IEEE Transactions on Magnetics, vol. 32, no 1, pp. 1188-1192, May 1996 
[9] S. S. Rao, Engineering Optimization: Theory and Practice, 3rd ed. New York, Wiley, 1996 
[10] Eibert, T. F. and Volakis, J. L., “Fast spectral domain algorithm for hybrid finite element / boundary 
integral modeling of doubly periodic structures,” IEEE Proceedings: Microwaves, Antennas and Propagation, 
vol. 147, no. 5, pp. 329-334, October 2000 
[11] R. Hanson and K. Hiebert, “A sparse linear programming subprogram,” Technical Report SAND81-0297 , 
Sandia National Laboratories, 1981 

 




