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ABSTRACT 

The Finite-Difference Time-Domain (FDTD) method has gained tremendous 

popularity in the past decade as a tool for solving Maxwell's equations. Phased Array 

Antennas find several applications including mobile communications ( cellular, personal 

communication systems and networks), satellite communications, global positioning 

system (GPS), aeronautical and radar systems. This dissertation describes the application 

of the FDTD method for calculating broadband characteristics of finite-sized phased 

array antennas consisting of microstrip elements fed with coaxial probes. 

The characterization of such antennas is dependent upon the development of 

simulation tools that can accurately model general topologies including wires, dielectrics, 

conductors lumped elements and metallic strips. The use of these simulation tools 

reduces the cost and effort associated with fabricating and testing phased array antennas. 

The FDTD formulation is inherently broadband, very general, and easily accorrunodates 

arbitrary conductor geometry and dielectric configurations. 

The FDTD method is implemented and applied to determine the input impedance, 

radiation-patterns and gain of microstrip antennas. Next, the main contributions of this 

work are described which include the full time-domain characterization of broadband 

characteristics of finite-sized phased array antennas for different scan conditions. Active 

reflection coeffici nt gain scan-element patterns and scanning-array radiation patterns 

are calculated. 
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1. INTRODUCTION 

I. I Problem Statement and Motivation 

The Finite-Difference Time-Domain (FDTD) method has gained tremendous 

popularity in the past decade as a tool for solving Maxwell's equations. Phased Array 

Antennas find several applications including mobile communications ( cellular, personal 

communication systems and networks), satellite communications, global positioning 

system (GPS), aeronautical and radar systems. 

This dissertation describes the application of the FDTD method for calculating 

broadband characteristics of finite-sized phased array antennas consisting of microstrip 

elements fed with coaxial probes. The objective will be to investigate phased array 

microstrip antennas, to suggest new implementations of the Finite Difference Time 

Domain Method for the analysis of finite-sized phased array microstrip antennas and to 

develop an integrated phased array antenna CAD (Computer Aided Design) tool. 

Microstrip patch antennas are low-profile radiators that are typically lightweight, 

small in size, and conformable to planar and non-planar surfaces. Since patch elements 

are fabricated using printed-circuit technology, they can be manufactured in large 

quantities to reduce cost and are compatible with monolithic microwave integrated circuit 



(MMI C) designs. These antennas are well suited to applications where an aerodynamic 

profile and reliable performance are significant constraints. As a result, patch antennas 

have found numerous applications in aircraft, spacecraft, satellites and missiles. 

Before such antennas are fabricated, it is necessary to perform analysis at several 

stages so that various candidate antennas can be considered viable. The designer proceeds 

to select a few of such candidate antennas based on both computer-aided performance 

analysis and cost of fabrication. The final system may be selected based on a trade-off 

between cost and performance parameters. 

The motivation of the work of this dissertation is to develop a computer-aided 

analysis technique that can be applied to the design and evaluation of an antenna array 

system. In order to achieve a good design for an array, it is necessary to compute the 

active reflection coefficient, gain and far-field radiation patterns. Increased mutual 

coupling has been found to degrade the transient behavior of phased and adaptive arrays 

and it also affects the isolation between adjacent beams in multiple-beam arrays. The 

computation of mutual coupling is generally a difficult task, because there is no simple 

calculation that can yield reasonably acceptable information. Therefore it will be very 

important·to accurately compute the mutual coupling between array elements. 

1.2 Solution Approaches and Past Research 

In determining which technique to use in modeling finite-sized phased array 

antennas, it is useful to consider the different methodologies available. These methods are 

divided into the following categories: empirical models, semi-empirical models and full­

wave models. 
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The empirical models are generally based on some fundamental simplifying 

assumptions concerning the radiation mechanism of the antenna. The assumptions are 

extracted from experimental experience. Phenomena such as surface wave propagation 

and dispersion are generally not included in these models. The importance of empirical 

models in providing a qualitative idea about the antenna's behavior and at least a first­

order solution to a design problem cannot be denied. Among these models are the 

Transmission Line Model (TLM) and the Cavity Model. 

Semi-empirical models are a hybrid of empirical and full-wave analyses. The 

analytical and computational complexity involved is more than that of the empirical 

models and less than the full-wave models, and the effects of surface wave modes are 

taken into account in many of these models._ The various models included in this category 

are: Variational approach, Generalized variational approach, Dual integral equation 

approach, Electric surface current model, Hankel transform technique, Reciprocity 

method and Generalized edge boundary condition technique. 

The Full-Wave Analyses include formulations that are electromagnetically 

rigorous (no empirical or semi-empirical assumptions are made) as well as 

computationally extensive. The most common numerical techniques are the Method of 

Moments (MOM), the Finite-Difference technique and the Finite Elements Method 

(FEM). Each one of these approaches can be implemented in the time-domain and the 

frequency domain, and can be used to obtain the radiation-pattern, gain and input 

impedance (for radiation problems), as well as the scattering-pattern, gain and radar cross 

section (for scattering problems). 
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For this work, the finite-difference method in the time domain (FDTD) method 

will be used. Such technique has been chosen for the following reasons: 

a) The finite-difference method can accommodate very general and intricate modeling 

requirements. 

b) When the geometrical and material configuration becomes very complex, the 

algorithm complexity remains low. This is particularly true when modeling highly 

inhomogeneous dielectric objects. 

c) Such algorithm requires O(N) storage for N unknowns. This is in contrast to finite 

element and moment method techniques which require storing a matrix consisting of 

O(N2
) entries. 

d) This technique does not require a linear system solution (matrix inversion). 

e) Because it is a time-domain technique, it can predict the transient response to a 

system. When this transient data is transformed to the frequency domain, it translates 

into a wide-band system response. 

The advent of high-speed, large-memory personal and supercomputer systems has 

made possible the development of accurate electromagnetic algorithms such as the FDTD 

method. This method solves Maxwell's time-dependent equations directly in the time 

domain by converting them into finite-difference equations. The finite difference­

equations are then solved in a timr marching sequence by alternately calculating the 

electric and magnetic field components on an interlaced spatial grid. 

Yee introduced the first FDTD algorithm to the electromagnetic community in 

1966. Since then, the algorithm has been used in electromagnetic wave scattering both in 

the time and frequency domains, electromagnetic interactions with biological tissues, 
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antenna radiation and microwave circuit design, among several other applications. 

Research efforts in the area of the FDTD method are currently directed toward advancing 

its capabilities with parallel algorithms that can be used in parallel and distributed 

computers. 

FDTD has gained popularity in the last decade because it is able to deliver results 

in a wide frequency range in a single program run, unlike the frequency domain methods 

1ike MOM and FEM that deliver results on a frequency-by-frequency basis. A lot of 

research has been focused on the analysis of infinite arrays in the past, using Floquet 

boundary conditions around a reference element and assuming a periodic structure that is 

infinite in extent along the axes of the array. However, an infinite array does not account 

for the edge effects of a small array. 

1.3 Main Contributions and Organization of the Dissertation 

The emphasis and main contribution ohhis dissertation is on the use of a full-time 

domain technique that employs FDTD to analyze finite-sized linear and planar arrays 

with stacked microstrip elements, linear or circular polarization. Different configurations 

can be designed, therefore the need to address the design of rectangular and circular 

geometry, as well as rectangular and triangular lattices for the array shape. The radome 

covering will be reduced to the case of a dielectric covered microstrip antenna, where the 

dielectric layer thickness is larger than the cell-size used to divide the FDTD 

computational domain into discrete cells. Radiation pattern and active impedance 

calculations for both linear and circular polarization stacked microstrip arrays will be the 

main focus of this research. 
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A simple CAD program was created with analysis features that are not present in 

commercial phased array antenna simulators, being the most significant the broadband 

analysis of phased array microstrip antennas. The development of an input/ output user 

interface for the simulation tool is very important to allow any engineer to use the 

software. The interface was designed for visualization purposes and to perform 

calculations related with the FDTD method. In order to have an "Integrated Phased Array 

Antenna Analysis Software" two interfaces were developed using MATLAB. The FDTD 

algorithm was implemented using the C programming language. 

The interfaces fulfill two purposes: 

a) Create a text file that contains all the parameters the FDTD program needs in 

order to run. The inputs are given interactively by the user. The interface must be 

able to translate the geometrical and functional characteristics of the array into the 

kind of parameters that are used by the FDTD code. Thi-s part is labeled as the 

"pre-processing" module. The fact that the FDTD method is being used becomes 

transparent to the user. 

b) Read the text files created by the FDTD code and display plots of time domain 

voltages and currents, scattering parameters, input impedance and radiation 

patterns. This part is called the "post-processing" module. 

Moreover, the FDTD program must be easily executed, and must use the 

computer memory efficiently. This issue becomes more critical when large array 

antennas are analyzed, since memory size becomes a limitation factor. Dynamic memory 

allocation and other programming techniques are used to achieve this task. 

The computer program is able to perform the following tasks: 
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1) Analyze rectangular or circular microstrip antennas fed with one or two coaxial 

probes (up to two microstrip patches and three dielectric layers). Both probes can 

be active or one can be matched to 50 ohms. The conductors are assumed to be 

perfect electric conductors, but the dielectric materials can be lossy. 

2) Feed the upper or lower microstrip patch. 

3) Analyze linear or planar array antennas (either active arrays or feed the reference 

element and match the other elements to 50 ohms). 

4) Rectangular Lattice configuration for planar array. 

5) Use "infinite" or finite (truncated) dielectric layers. An infinite ground plane is 

assumed. 

6) Use a full time domain approach to analyze linear, dual linear or circularly 

polarized phased array microstrip antennas. 

7) Calculate broadband radiation characteristics of the phased array antenna from the 

scan element patterns. 

The process of validating the functionality and capability of the simulation tool 

was a long process, since we had to analyze the quality of the results predicted using the 

program, compare with measurements, detect errors and possible limitations. 

The FDTD simulator uses the three-dimensional FDTD method combined with 

time domain techniques to solve for the transient electric and magnetic fields in the 

microstrip antenna, and a Fast Fourier Transform to obtain the frequency response . 

Broadband results can be obtained in a single computer run. A Discrete Fourier 

Transform is used to perform the near to far field transformation. 
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Pre-processing Module 
- Input Geometry. 
- Obtain FDID Parameters. 

FDID 
ALGORITIIM 

Post-processing Module 
-Display field animation. 
-Display radiation parameters. 
-Plots-parameters. 
-Plot radiation patterns. 

Figure 1. Basic Modules of the Integrated Phased Array Antenna Simulation Tool. 

The dissertation is organized into two major parts, each of which represents the 

subjects that are being studied: microstrip antennas/ FDTD, phased array antennas / 

FDTD. Chapters 2 to 5 represent the work involving the FDTD simulations of the 

isolated microstrip antenna elements. Chapters 2 and 3 explain the background necessary 

to understand microstrip antennas, phased arrays and FDTD. Chapter 4 focuses 

specifically on the FDTD formulation, with special attention given to the contributions 

for the feed model and the absorbing boundary conditions. Chapter 5 illustrates several 

comparisons of the FDTD computations with results obtained from measurements. 

Stacked rectangular or circular microstrip antenna elements can be used, feeding the 

lower or upper patch, single or dual coaxial feed. The actual application of the full-time 

domain algorithm to finite-sized phased array antennas is then presented in Chapter 6. 

This chapter provides computational as well as experimental results for three different 

array topologies. 

Chapter 7 is devoted to the examination of results of the finite-sized phased array 

antennas. The goal of this chapter is to present a mathematical formulation of the method 
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and highlight its advantages and disadvantages. Because this algorithm has been explored 

in conjunction with the infinite array approximation solution, a qualitative comparison of 

the relative performance of the two techniques will be presented. Computational 

examples will also be shown which illustrate the accuracy and flexibility of the proposed 

method. 

Finally, Chapter 8 presents conclusions and ideas for future research directions. 

At the end of this dissertation, detailed appendices are presented to support the 

developments provided in the chapters. 
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2. BACKGROUND 

2.1 Microstrip Antennas 

Microstrip patch antennas can be shaped in a variety of configurations including 

rectangular, circular, elliptical and triangular. Figure 2 depicts the geometry of a 

rectangular microstrip patch antenna. 

T 
h 

l_ 

Substrate £r 

Ground Plane 

Side View 

f 

Ground Plane 

Figure 2. Geometry of a rectangular microstrip patch antenna. 
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The patch element shown in Figure 2 uses a microstrip line feed. This is one of a 

number of feed arrangements that can be used with microstrip antennas. Figure 3 

illustrates some of the more popular feed arrangements. The offset microstrip line feed 

eases the task of matching since the offset depth controls the input impedance of the 

antenna. Additionally, this configuration is simple to fabricate and lends itself well to 

analytical modeling. However, the feed line radiates and causes pattern and polarization 

degradation. The coaxial feed reduces spurious feed radiation and is easy to construct and 

match, although it tends to have a narrow bandwidth and is difficult to model 

analytically. The aperture-coupled feed isolates the feed mechanism from the radiating 

element through the use of a ground plane. Energy from the feed line is coupled to the 

element patch through the aperture slot. Unfortunately, the ground plane makes this feed 

configuration quite difficult to manufacture. Finally, the proximity-coupled feed removes 

the ground plane so it is easier to manufacture than the aperture-coupled feed. It has low 

spurious radiation, is fairly easy to analyze, and provides the largest bandwidth of the 

feed configurations presented here. 

The transmission-line model is the simplest technique and, as a result, the least 

accurate. The microstrip antenna is modeled as two radiating slots that are separated by a 

distance Leff, which is essentially the length of the patch L plus an additional distance 

2 M that accounts for the fact that the patch looks electrically wider due to the fringing 

fields. The added distance can be calculated from 
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(a) Offset microstrip line feed 

Coaxial Connector 

(b) Probe feed 

Patch 
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(c) Aperture-coupled feed 

Patch 
I 

:r,.,licrostrip Line 

(d) Proximity-coupled feed 

Figure 3. Feed configurations for microstrip patch antenna. 
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In the above equation, E eff is the effective dielectric constant of a microstrip 

transmission line given by [2] 

- Er +1 Er -1(1 12 h J-JI] 
E ---+-- + •-

rejf 2 2 W 

Thus, the effective distance separating the two radiating slots becomes 

Finally, this adjusted length is used to calculate the resonant frequency of the 

antenna where c is the speed of light in a vacuum [2-5]. 

(2) 

(3) 

(4) 

Since the transmission-line model accounts for the fringing effects at the edges of 

the patch, it provides a good characterization of the resonant frequency. It also models the 

input impedance of the antenna fairly accurately. However, it does not account for the 

affects of a truncated dielectric substrate or a finite ground plane nor does it provide 

insight into the radiation patterns of the antenna. Additionally, the model breaks down as 

the height of the dielectric substrate, h, becomes a significant portion of a wavelength. 
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Figure 4. Transmission line model. 

In order to gain insight into the radiating mechanism of an antenna, we need to 

first understand the near-field quantities that are present on the structure. The cavity 

model aids in this pursuit since it provides a mathematical solution for the electric and 

magnetic fields of a microstrip antenna. It does so by using a dielectric loaded cavity to 

represent the antenna. As we can see in Figure 5, this technique models the dielectric 

material assuming that it is truncated at the edges of the patch. The patch and ground­

plane are represented with perfect electric conductors and the edges of the substrate are 

modeled with perfectly conducting magnetic walls. It should be noted that the cavity 

model does not include feed effects; the feed is shown in the figure simply for reference. 

Assuming that the dielectric is very thin, which means that the electric field is 

constant along the height of the substrate h, and is nearly normal to the surface of the 

patch. Therefore, we only need to consider ™= modes inside the cavity. Now, we can 
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write an expression for the electric and magnetic fields within the cavity in terms of the 

vector potential A= : 

E =-j-1_8
2

A= 
x coµ£ 8x8z 

H =_!_ 8A= 
X µ ay 

E =-j-1_8
2

A= 
y coµ£ ayaz 

H = _!_ 8A= 
y µ ax 

E . 1 ( 82 k7JA ==-1----7 + - z 
coµ£ az-

H_=0 

Since the vector potential must satisfy the homogeneous wave equation we can 

use separation of variables to write the following general solution 

A= = [A, cos(kxx) + B, sin(kxx) ]-[A2 cos( k_vy) + B2 sin( kyy)] 

· [A 2 cos( kyy) + B2 sin( kyy)] 

where k , k , and k_ are the wave-numbers. Applying the boundary conditions 
X y -

Ex = 0 for OS x SL, 0 Sys W, z = 0 

and 0 s x s L, 0 s y s W, z = h 

Hx = 0 for O s x s L, y = 0, 0 S z s h 

and 0 s x s L, y = W, 0 s z s h 

Hy = 0 for x = 0, 0 s y s W, 0 s z s h 

and x = L, 0 s y s W, 0 s z s h 

renders a solution for the electric and magnetic fields inside the cavity is: 
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k k 
Ex = - J ~ A11111P sin( kxx) cos( k vY) sin( k_z) 

CDµ£ . -

k 
Hx = - J _!._ A11111P cos( kxx) sin( k vY) cos( k=z) µ . 

H_ = 0 

mn 
kx = -,m = 0,1,2 ... 

L 
mt 

k v = -,n = 0,1,2 ... . w 
p1t 

k_ =-,p=0,1,2 ... 
- h 

(8) 

(9) 

and A,,111P is the amplitude coefficient. Finally, the resonant frequencies for the cavity are 

1 mn nn pn 
( ) ( )

2 ( )2 
( frJ11111p = 2n~ L + w + ;; (10) 
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Feed 

X 

Figure 5. Geometry of cavity model. 

Examining the above fields for TM :00 dominant mode excitation, we see that 

kY = k= = 0 and the field components reduce to 

E, = -jwA,00 cos(: x) 

We can convert to equivalent electric and magnetic current densities using: 

J=nxfI 
M =-nxE 
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where n is the outward directed surface normal. The magnetic field is zero along the x=O 

and x = L walls and is normal to the surface along they = 0 and y = W walls. Therefore, 

no equivalent electric current density flows on the walls of the cavity. The electric field 

results in a non-zero magnetic current density on the walls of the cavity. Figure 6 shows 

both the electric field and corresponding magnetic current densities for the microstrip 

antenna. The magnetic currents can be broken into a pair of radiating slots and a pair of 

non-radiating slots. The radiating slots are in phase so they will constructively interfere in 

the far-field. Thus, these two slots form the primary radiating mechanism for the 

microstrip antenna. On the other hand, the non-radiating slots are out of phase so they 

will destructively interfere in the far-field and will not contribute to the radiated fields. 

From the above results, it is clear that the cavity model provides excellent insight 

into the radiating mechanism of a microstrip patch antenna. It provides the field 

configurations of the radiating and non-radiating slots that can be used to solve for the 

radiation patterns. Since the antenna is modeled as a cavity, additional work is necessary 

to accurately model the input impedance. 

z 

X 
- M-current 

(a) Radiating slots 

z 

~ W-¥ 
X ----• E-fi.eld 

- M-current 

(b) Non-radiating slots 

Figure 6. Field configurations and current densities for microstrip patch. 
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An effective loss tangent needs to be added to account for the power that is lost to 

radiation. Alternatively, the radiated energy can be modeled using an impedance 

boundary condition at the walls [2,4]. Although the cavity model is quite adept at 

modeling the radiating mechanism for a microstrip antenna, it does have some 

limitations. First, the cavity model does not model the feed effects. Nor does it model the 

adverse effects introduced by a finite substrate and ground plane. One way to circumvent 

these limitations is to employ numerical techniques. 

2.2 Phased Array Antennas 

A phased array antenna is composed of a group of individual radiators that are 

distributed in a linear or two-dimensional spatial configuration. The amplitude and phase 

excitations of each radiator can be individually controlled to form a radiated beam of any 

desired shape (directive pencil-beam or fan-beam shape). The position of the beam in 

space is controlled electronically by adjusting the phase of the excitation signals at the 

individual radiators. Hence, beam scanning is accomplished with the antenna aperture 

remaining fixed in space without the involvement of mechanical motion in the scanning 

process [6-15]. 

The array factor of a two-dimensional array (general case that includes the linear 

array) may be calculated by summing the vector contribution of each element in the array 

at each point in space. The array factor can be written in terms of the directional cosines, 

cosaxand cosa _v ofthe spherical coordinate system as [6-15]: 

19 



cos a x = sine cos~ 

cos ax = sine sin~ 

(13) 

Beam scanning with planar arrays is accomplished by linear phasing along both 

array coordinates. To scan the beam to the angular position corresponding to the 

directional cosines cos a xo and cos a yo, a linear phase taper is introduced at each element 

so that the excitation at the (m, n) element is given by: 

. - jk ( 111-d r ·cosa :ro +11-d v ·cosa :ro) 
1,111, = a,,,,,e · (14) 

k · dx · cos a xo is the element to element phase shift in the x-direction and k · d.v • cos a yo is 

the element to element phase shift in the y-direction. 

This form of steering phase indicates that the phase of the element (m, n) is the 

sum of a row phase m · k · dx · cosa xo and a column phase n · k · d.v · cosa.v0 • For a 

rectangular planar array with M by N elements, the array factor is [2,6]: 

Al N 

E (e th ) = ~ ~ . jk / 111 -d :r -(cos a x -cos a xo )+n·d.v ·(cosa.v -cosa yo ) J 
a , 't' ~~l 11111 e (15) 

111=1 11=1 

The array factor of the planar array has an infinite number of grating lobes in the 

directional cosine space. For example., a local-maximum of E0 occurs whenever its 
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argument is a multiple of 2n. Since there is a one-to-one correspondence between the 

directional-cosine-space ( cos ex x and cos ex J and the visible-space (8 and$ space with 

the boundary defined by ( cos 
2 

ex x + cos 2 ex Y = 1 ), the number of grating lobes that can be 

projected from the directional cosine space into the visible space depends upon the 

parameters dx and ~. To avoid the formation of grating lobes in the visible space, the 
'A. 'A. 

d d 
element spacing ~ and _ .v must be chosen so that there is only one maximum from the 

"A "A 

equation of Ea, namely the main beam, in the visible space (real space) [2,6]. 

In the planar array, the element lattice and spacing can be chosen to shape the 

grating-lobe contour (location pattern of grating lobes) to fit the required scanning 

volume so that the total required number of elements in the planar array is minimized. To 

accomplish this optimization, it is more convenient to plot the position of the grating 

lobes hen the main beam is phased for broadside and observe the motion of these lobes 

as the beam is scanned. 

A planar array with rectangular lattice configuration is depicted in Figure 7. The 

distance between the elements in the y-direction is dY and the distance in the x-direction 

is d . 
X 
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RECTANGULAR LATTICE CONFIGURATION 
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Figure 7. Rectangular Lattice Configuration. 

-L 

For a rectangular lattice , the grating lobes are located at 

p 
cosa -cosa =±A·-

x XO d 
X 

q 
cosa -cosa =+A·-

Y yo - d 
y 

p ,q = 0,1,2 ... 

X 

(16) 

Only the portion of the pattern inside a unit circle centered at cos ax = cos a Y = 0 

lies in visible space. The lobe at p = q = 0 is the main beam [6]. 

A planar array with triangular lattice configuration is depicted in Figure 8. The 

distance between the elements in they-direction is d.v and the distance in the x-direction 

is 2dx. 
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lRIANGULAR LATTICE CONFIGURATION 

z 

grcnmd plane 

Figure 8. Triangular Lattice Configuration. 

For a conical scan volume the triangular lattice is more efficient for the 

suppression of grating lobes than a rectangular grid, so that for a given aperture size 

fewer elements are required. If the triangular lattice contains elements at m · dx and n · d.v 

here m + n is even, then the grating lobes are located at 

p 
cosa - cosa = ±A · --

x XO 2d 
X 

q 
cos a - cos a =±A· --

-" yo 2d 
y 

p + q = even - number 
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As the array is scanned away from broadside, each grating lobe (in the directional 

cosine space) will move a distance equal to the sine of the angle of scan and in a direction 

that is determined by the plane of scan. To ensure that no grating lobes enter visible 

space, the element spacing must be chosen so that for the maximum scan angle 8m the 

movement of a grating lobe sin 8m does not bring the grating lobe into visible space. 

If a specific scan angle 8m from broadside is required for every plane of scan, no 

grating lobe may exist within a circle of radius 1 + sin 18ml- The square lattice that meets 

this requirement has [6]: 

The area per element is dx · d_
1 
• • For an equilateral triangular lattice, the 

requirement is satisfied by [6] 

!:_= ; =l+sin~ 111 I 

dy -v 3d_1, 

(18) 

(19) 

The area per element is 2. dx . dY. Therefore, for the same amount of grating lobe 

suppression there is a saving in the number of elements for the triangular versus the 

rectangular lattice specified by 
1 

- AR percent (AR= Area Rectangular Lattice, Ar= 
Ar 
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Area Triangular Lattice). The planar array with rectangular lattice is composed of 

elements spaced dx and dY, while the array with triangular lattice has an element spacing 

of 2dx in the x-direction (base of the equilateral triangle) and d Y in they-direction (height 

of the equilateral triangle). 

The array gain of the antenna is given by [6]: 

(20) 

The amplitude of the array aperture reflection coefficient at the scan angle (8 0 , ~ 0) 

is 11 (8 0 , ~ 0 Jl1 A is the physical area of the array and ri is the taper efficiency or 

illumination efficiency. 

The discussion given above is for radiators with isotropic patterns. However, the 

radiation patterns ofreal radiators are non-isotropic, and the impedance of the radiators 

varies as a function of scan caused by the mutual coupling between the radiators. In fact, 

the pattern of an element in the environment of an array is markedly different from the 

pattern of an isolated element in amplitude, phase and polarization as well. 

One of the functions performed by the antenna is to provide a good match 

between the transmitter and free space. This means that the radiation impedance ( driving­

point impedance) looking into the radiators in the array environment must be matched to 

their generator impedances. If the antenna aperture is not matched to free space, power 

will be reflected back toward the generator, resulting in a loss in radiated power. In 
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addition, a mismatch produces standing waves on the feed line to the antenna. The 

voltage at the peaks of these standing waves is (1 + WU times greater than the voltage of 

a matched line, where r is the voltage reflection coefficient of the radiation impedance. 

This corresponds to an increased power level that is ( 1 + Ir I/ times as great as the actual 

incident power. Therefore, while the antenna is radiating less power, individual 

components must be designed to handle more peak power. In a scanr1ing array, the 

impedance of a radiating element varies as the array is scanned, and the matching 

problem is considerably more complicated. In some instances, spurious lobes may appear 

in the array pattern as a consequence of the mismatch. Furthermore, there are conditions 

in which an antenna that is well matched at broadside may have some angle of scan at 

which most of the power is reflected (blind angle) [6]. 

The mutual-coupling effect on the radiation impedance occurs when the coupled 

ector-signals add to produce a wave traveling toward the generator of the reference 

element which appears to be a reflection from that element. As the phases of the 

neighboring elements are varied to scan the beam, the vector sum of the coupled signals 

changes and causes an apparent change in the impedance of the reference radiator. For 

some scan angles the coupled voltages will tend to add in phase, causing a large 

reflection and possibly the loss of the main beam. Large reflections often occur at scan 

angles just prior to the emergence of a grating lobe into visible space, but in some 

instances such reflections may occur at smaller scan angles. 

For an array with independently driven elements, the far-field array pattern at any 

angle (8,~) is obtained by vector addition of the contributions from all the elements at 
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that angle with each single element driven one at a time while the others are terminated in 

their generator impedances. The far-field active-array pattern is given by [6]: 

Al N 
£(8 A-.)=~~ J £ (0 A-.) Jk/m -dJsi118cos$-si118 0 cos$ 0 ) +11-d_J si118si11$-si118 0 si11$ 0 )/ 

, 'f' ~ ~ f/111 e, 11111 , 'f' e (21) 
m=l 11 =1 

The active-element pattern Ee,,,,11 (8 ,~) is obtained when only the (m, n) element is 

driven with all other elements terminated in their usual generator impedance. I is the 
f/111 

current in amperes that would be flowing in the (m, n) feed line if all other elements were 

passively terminated in their usual generator impedance. The utility of these definitions 

arises from the fact that both computationally and experimentally one driven element in a 

passi ely terminated array is easier to cope with than all elements simultaneously driven. 

Furthermore the active-element pattern has the significance of describing the array gain 

as a function of beam-scan angle. 

The active-element pattern Ee_
111
,J8 ,~) is actually the pattern of the entire array 

hen the excitation of the array is that due to the mutual couplings from the (m, n) 

element to all the neighboring elements. It is a function of the particular radiator 

configuration and also of the relative location of the driven radiator with respect to the 

other elements of the array. The ideal active-element pattern for a perfectly matched array 

is a cosine pattern. In general the expressions of the active-element patterns Ee,11111 (8 ,~) 

for any radiator type are quite complicated, nevertheless they can be individually 

measured or numerically calculated. Fortunately, this individual active-element pattern 
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measurement is not usually necessary if the array is regularly spaced. For an infinite array 

of regularly spaced elements, every element in the array sees exactly the same 

environment and all the elements have the same active-element pattern. This 

approximation can be used for arrays with a large number of elements; the reason for this 

is that in practice, the mutual coupling between the radiators decays as l/x2 where xis 

the distance between the radiators. All the elements with the exception of the edge 

elements in the array behave as though they are in an infinite-array environment. For 

larger arrays the effect of edge elements on array performance is negligible [ 6]. 
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3. FDTD FUNDAMENTALS 

The Finite Difference Time Domain (FDTD) Method is rapidly becoming one of 

the most widely used numerical methods for electromagnetic fidds. There are several 

reasons for this including the increased availability of low cost but powerful computers, 

and the relative simplicity of the FDTD fundamentals that are easier to understand than 

traditional frequency-domain approaches. Yet, FDTD is capable of computing 

electromagnetic interactions for any complicated geometry including penetrable dielectric 

and magnetic materials that are extremely difficult to analyze by other methods. Of the 

man approaches to electromagnetic computation, including the method of moments 

(MOM) Finite Elements Method (FEM), Geometric Theory of Diffraction (GTD) and 

Physical Optics (PO) the FDTD technique is applicable to the wider scope [16]. 

3 .1 FDTD Introduction 

FDTD is a discrete representation of Maxwell's equations using a central 

difference scheme in both time and space. To simulate the wave propagation in three 

dimensions Yee s original algorithm (also called leapfrog algorithm) can be adopted. 

M~xwell s equations are replaced by a system of finite difference equations. The 

differential time domain Maxwell equations needed to specify the field behavior over 

time of linear, isotropic, non-dispersive materials are [16, 17]: 
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- ai3 -
VxE=---J at Ill 

- aD -
VxH=--+J at e 

V-D= p 

V-B=O 

jj =EE,B = µH 

(22) 

E is the electric field vector in volts per meter. Dis the electric flux density vector in 

coulombs per square meter. if is the magnetic field vector in amperes per meter. B is the 

magnetic flux density vector in Weber per square meter. Je is the electric conduction 

current density in Ampere per square meter. ]
111 

is the equivalent magnetic conduction 

current density in Volt per square meter. 

The FDTD formulation is based on two coupled-curl-equations in time domain 

derived from Maxwell ' s equations [16 17]: 

aH 1 ( - • -) -=--VxE+a H at µ (23) 

aE 1 ( - -) -=--VxH+aE a, f, 

Here µ is the magnetic permeability in henrys per meter, E is the electric 

permitivity in farads per meter and cr is the electric conductivity in siemens per meter. 

The electric current J = crE has used to allow for lossy dielectric materials, and the 
I! 
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magnetic current J
111 

= CTiJ has been included to have the possibil.ity of magnetic loss by 

adding an equivalent magnetic resistivity term CT* in ohms per meter. 

The formulation only treats the electromagnetic fields E and H, and not the fluxes 

D and B. All four constitutive parameters£, µ, CT, and CT* are present so that any linear 

isotropic material property can be specified. It can be easily shown (taking the divergence 

of the curl equations) that it is only needed to consider the curl equations because the 

divergence equations are contained in them. While the divergence equations are not part 

of the FDTD formalism they can be used as a test on the predicted field response, so th2.t 

after forming D = EE and B = µH from the predicted fields, the resulting D and B must 

satisfy the divergence equations [ 16, 17]. 

Writing the vector components of the curl operators, yields the following system 

of :; ix coupled scalar equations equivalent to Maxwell's curl equations in three­

dimensional rectangular coordinate system (x, y, z), that form the basis of the FDTD 

numerical algorithm for electromagnetic wave interactions with general three-

dimensional objects [16 17]: 

(24a) 
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(24b) 

In 1966, Kane Yee [8] originated a set of finite-difference equations for the time­

dependent Maxwell ' s curl equations system given above. The curl equations can be 

represented in a discrete form, both in space and in time, employing a second order 

approximation resulting from the Taylor series expansion described by Yee: 

(25) 

As illustrated in Figure 9 the Yee algorithm centers its E and H components in three­

dimensional space so that every E component is surrounded by four circulating H 

components and every H component is surrounded by four circulating E components. 

This pro ides a simple picture of three-dimensional space being filled by an inter-linked 

array of Faraday s Law and Ampere's Law contours. The computational domain is thus 

obtained by stacking these unit cells into a large problem space. The resulting finite­

difference expressions for the time and space derivatives used in the curl operators are 

central in nature (central-difference) and second-order accurate. For the rectangular Yee 

mesh a stepped or "staircase" approximation of the surface and internal geometry of the 
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structure of interest is made, with a space resolution set by the size of the lattice unit cell. 

The Yee algorithm also centers its E and H components in time in what is termed a 

leapfrog arrangement. All of the E computations in the three dimensional space are 

completed and stored in memory for a particular time point using H data previously 

stored in the computer memory. Then all of the H computations in the modeled space are 

completed and stored in memory using the E data just computed. The cycle can begin 

again with the re-computation of the E components based on the newly obtained H. This 

leapfrog time-stepping process is fully explicit, thereby completely avoiding the 

problems involved with simultaneous equations and matrix inversion. 

Using Yee' s notation a space point in a uniform, rectangular lattice is denoted as: 

(i, j , k) = (itu,jfly, k&) (26) 

where tu, fly fu are the lattice space increments in the x, y, and z coordinate directions 

and i, j k are integers [ 18]. 

,.,,., 
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Figure 9. Yee s unit cell. Position of the electric and magnetic field vector components 

about a cubic unit cell of the Yee space lattice. 

Further let s denote any function u of space and time evaluated at a discrete point 

in the grid and at a discrete point in time as: 

(27) 

Using the centered finite difference expressions for the space and time 

derivatives yields the desired explicit time-stepping relations for E and H fields in the 

lossy material formulation as follows [ 16 17]: 
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£J~/ = CJ . £tin . + C 1- . = i,j+/12 ,k - Hz , ,j-/ 12,k - H y i ,j ,k+/ 12 - H _I ri,j,k -1 12 

[[ 

H In+! I 2 In+! I 2 J [ ln+l /2 In+/ 12 ]l 
. ' .J k ' , ,, ,k . , ,J .k b , ,J,k Liy ~ j 

E\ 1•.1+/ = cJ . Er . + C 1- X i ,j,k+/12 - X i,j ,k-1/2 - H z i+/12.j.k - H= i-/12,j,k (28a) 
[[

H In+/ / ] H In+/ / ] J [ ln+/ 1 2 111 +/ I ] ]] 

- l ,j.k 11,J,k ) 11 ,J.k h l ,j ,k /yz Lix 

[[ 

l
n+l/2 ln+l /

7 l ( l H - H - H n+/ 12 n+/ 12 

£_ j'.'~/ = C, 1- £ _In . + C 1- . .• i+l /2, j ,k y i-/12, j ,k -- xli,j+l/2,k - H xli,j-1 12 ,k J 
- l ,J,k u l , f,k - l ,J .k b l ,J ,k Lix £1.y 

cr . . kM M 
]- l ,j . 

I 
2£ . . k I f, .. k C = I ,J . C = I ,j , 

u i.J .k cr _ _ £1.t , b i.J .k cr _ _ £1.t 
J + l ,J.k J + l ,J ,k 

(28b) 

2£ I 1· J.- 2£ . . I, , '. l ,j,f\ 

H I"+! '_,= D I . H ,~-/ /] -t- D I [[EJ [ .k+l .'2 -EYC.k-112] _ ( E JJ+/12 ,k -EJJ-112 ,k ]] 
t •l,J.k O t ,J,k x t,J.k b i ,J.k & l ~Y 

H I '1 . . =Dul - .. H ,,, /I_ + D 1-. - i+/12,J.K - 1-//2 ,j,k - X t ,j ,k+ l /2 X i ,j,k-l i2 (29a) n-tl 1 , _ , [[£ J . , - E_ jn . ] [£ ,,, -£ 111 Jl 
· l ,J.K l ,j ,k _I i,j.k b 1,J,k & & 

H_ jn~I - =D 1 -_ H .j'.1-/12 +DI . x, ,j+/12.k -'"i,j-//2,k - J i+/12,j,k J i-1 /2, J ,k _ 

[[ 
£ j

11 

- £ In ] [ £ 1

11 

- £ _ ,
11 

Jl 
- t ,J,k a ,.,.k - 1.J.k b 1,J.k ~Y & 

cr ~ .kM 1- l ,j , 

7µ . . D I = - l ,J.k 
(1 . * 

, .1 .k cr . . £1.t 
] + 1.1 .k 

2 µ i.j .k 

(29b) 

The numerical algorithm requires that the time increment ~t have a specific bound 

relative to the lattice space increments 8.x, £1.y and L'.12. The upper bound on ~t to guarantee 

numerical stability (known as Courant's stability criterion) is [16, 17]: 
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6t~--;====l===== 
7 ( ]7 7 

C ( ~ l + ~y - + ( ~ J 
(30) 

where c is the maximum velocity of the wave propagating in the media, i.e., light speed 

in free space. 

3.2 Mur's Absorbing Boundary Conditions 

For many applications that require to model scattering from an object or a 

radiating antenna situated in free space, it is desired that the scattered or radiated fields 

propagate into boundless space. Unfortunately, the FDTD computational space is 

bounded and when the scattered or radiated fields arrive at the boundary they will be 

reflected back into the computation space. That is why it is necessary to have what is 

called as an Absorbing Boundary Condition (ABC) that absorbs these fields when they 

arri e at the limits of the FDTD space so that scattering or radiation into boundless free 

space is at least approximately simulated. A simple, yet very useful, ABC was proposed 

by Mur a first order condition looks back one step in time and into the space one cell 

location· a second order condition looks back two steps in time and inward two cell 

locations [16 17]. 

Mur s first order ABC assumes that the waves are normal-incident to the mesh 

walls. This assumption leads to a simple approximate continuous absorbing boundary 

condition: the tangential fields at the outer boundaries will obey the one-dimensional 

wave equation in the direction normal to the mesh wall. 
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For the wave normal to the x-direction: 

---- E -0 ( a 1 a J 
ax Cat /all -

For the wave normal to they-direction: 

---- E -0 ( a 1 a J 
ay c at /all -

For the wave normal to the z-direction: 

---- E -0 ( a 1 a) 
az Cat fall -

Considering the Ex and E.r components located at x = ib.x, y = j t:1y and 

z = nz · L1Z the first order M ur estimate at the boundary walls is: 

E 111 +/ = E Ill + CL1f - L1Z (E 111+/ - E Ill . ) 
X i ,J ,11= X i .j.11=-/ CL1f + L1:z X I . .J ,11=-I X l ,.J ,11= 

1

11+1 l11 cM - !),.z ( 
1

11+1 111 ) 
E , . . =E , .. +---Ev -- -E,, .. _ 

) l ,J,11= _\ l ,J .ll=-1 CL1t + L1:z · l ,J ,11=-I · l ,.J ,11-
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Considering the Ex and EY components located at x = i&, y = jtiy and z = O, 

the first order Mur estimate at the boundary walls is: 

E 111+1 = E I" + cfit - tiz (E 111+1 - E 111 ) 
x i.J ,o x i.J.J cfit + tiz x ;,;.1 x ;,; .o 

1

11+/ Ill ctit - 11z ( 
1

11+/ Ill ) E , =E +---E -E . 
) i,j ,O Y i.).l cfif + fiz Y i,j,l J- i ,j ,O 

Considering the E.r and E= components located at x = nx · & , y = jtiy and 

z = ktiz the first order M ur estimate at the boundary walls is: 

1

11+/ Ill ctit - & ( 
1

11+/ Ill ) E . =E . . +---E . -Ev . 
) tu ,j,k _I IL'C-/ ,j,k cfif + /3.x y m-f .J,k · ILT ,J .k 

E_,11+1 = E_J11 . + ctit - & (E_,11+1 . - E_J11 . ) 
- IIX ,j ,k - m-1 .J.k ctit + /3.x - m-1.J ,k - IL'C ,J.k 

(3 le) 

(3 lf) 

Considering the EY and E= components located at x = 0, y = jtiy and z = ktiz, 

the first order Mur estimate at the boundary walls is: 

1
11+/ Ill ctit - & ( 

1
11+/ I" ) E =E +--- E -E . 

Y O,j ,k Y l .j .k cfif + t3.x Y J,j ,k > O.).k 

1
11+1 - 111 cfit - & (E 111+1 - E 111 ) 

E= O.J .k - E= J.J.k + cfit + & = J.J ,k = o .J.k, 

(3 lg) 
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Considering the Ex and E= components located at x = i&, y = ny. ~y and 

z = k~, the first order Mur estimate at the boundary walls is: 

E 111 +1 - E 111 cM - ~y ( 111+1 111 ) 
x i ,11y .k - x i ,11y -J .k + c~t + ~y Ex i ,11y -J,k - Ex i ,ny,k 

E 111 +1 - E 111 cM - ~y ( 111+1 111 ) - - - __ +---E -E 
- t .ny ,k - 1,11y -l .k C~f + ~y = i .11y -l.k : i11y,k 

(3 lh) 

Considering the Ex and E= components located at x = i&, y = O and z = k& , the 

first order Mur estimate at the boundary walls is: 

E r+l = E Ill + cM - ~y (E 111+/ - E Ill ) 
x ;,o .k x i.l .k c~t + ~y x u .k x i ,o .k 

E r +l = E Ill + c~t - ~y (E 111+/ - E Ill ) 
: i ,O,k : i.l.k C~f + ~y : i,l.k : i .O,k 

(31 i) 

In other words the tangential electric field on the artificial boundary wall can be 

obtained from the previous value of that field, and the field components one node inside 

of the mesh wall in the current and next time step. 

In order to implement the first order Mur ABC, the normal components of the 

electric field at the boundary walls are obtained using the regular Yee' s algorithm. The 

tangential components of the electric field at the intersection of two of the terminating 

planes (boundary walls) are obtained by taking the average of the values of that 

component around the specific point. 
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The continuous second order absorbing boundary condition for the wave normal 

to the x-direction is: 

(32) 

The second order estimate for E= at the boundary x = 0 is: 

(32a) 

EQ, = cM- tu (E_,11+_1 + E_j'1-.' ) 
C/}.{ + tu - l ,J,k - 0 ,J ,k 

- 2 tu (E 1/1 E Ill ) 
EQ2 - cM + tu = OJ.k + = JJ .k 

E - tu( cM/ (C + C ) 
Q 3 

- 2 ( /1y / ( C/}.f + tu) u b 

(32b) 

tu( c!1t / (C C ) 
EQ-1 = 2( 11:zJ- ( cM + tu) c + d 

= 1/1 - 2 E Ill + E Ill cu E= O.j+l ,k = O.j ,k : O,j-1 .k 

C = E I" - 2 E -Ill . + E -Ill . 
b : J.j+l .k - l .J.k - l,.1-I .k (32c) 

C = E I" - 2 E _ 1

11 
. + E -1

11 

• c : O.j ,k+I - 0.J .k - 0 .J .k-1 

C =El11 
-2E_I" - +E_l" -J : J .j ,k + J - 1 ,J .k - l ,J .k-1 

The second order estimate for E= at the boundary x = n•tu is: 
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(32d) 

EQ = cM - & (E \11+1 + E \11-1 ) 
I c/3.t + l}x = ILT-1 ,j,k = m,j ,k 

EQ = 2& (E Ill E Ill ) 
] C/3.{ + l}x = m.J,k + = m-1 ,j ,k 

EO = &(cM/ (C +C) 
~J 2( tiy )2 ( cM + & ) a b 

(32e) 

EQ = &( cM J2 (C + C ) 
-1 2( tiz/ ( cM + &) c d 

C = E \
11 

- 2 E \
11 

E \" u = ILT ,j+ l ,k = m,j.k + = m.)-1.k 

C = E \" - 2 E \" E I" h = m-1.j+ / .k = m-1 .j ,k + = m-1 .)-1.k 

C = E \" - 2E \" E \" c = m ,j.k+I = /LT.j ,k + = m.J ,k-1 

(32f) 

C = E \" - 2E \" + E \
11 

d = m-1.).k+ I = m-1 ,j ,k = m-1 ,j .k-l 

The equations needed to determine other field components with. second order Mur 

estimate at other limiting surfaces of the FDTD space, are determined by modification of 

the above expressions. 

One important consideration for implementing the second order Mur ABC, is that 

because the second order estimate requires field values from adjacent Yee cells, it cannot 

be used for determining electric field values that are adjacent to the intersection of two of 

the terminating planes (boundary walls). Therefore, even if second order Mur is being 

applied first order Mur must be used for field components located adjacent to the edges 

of the problem space. 

For Mur ' s absorbing boundary conditions, the farther from the object the outer 

boundary is located the better the absorption of the outward traveling waves. This is due 
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to these waves becoming more like plane waves as they travel farther from the structure 

that radiates them. However, the number of cells that can be placed between the object 

and the outer boundary is limited by computer memory. Moving the outer boundary too 

close to the object may cause instabilities the absorbing boundary implementation. Also, 

some fields that are required for an accurate solution may be absorbed if the outer 

boundary is too close. 

3 .3 Source Treatment 

In addition to the basic aspects of ABCs, discrete representation and stability of 

Maxwell s vector-field equations when numerically approximated in a uniform Cartesian 

FDTD space lattice it is important to consider the introduction of electromagnetic wave 

excitations into the FDTD mesh. A "hard source" is specified assigning a desired time 

function to specific electric or magnetic field components in the FDTD space lattice. 

Because the total electric field is specified at a certain region is without regard to any 

possible reflected waves in the grid (hence the terminology hard source), the hard source 

causes a spurious nonphysical retro-reflection of these waves at is back toward the 

material structure of interest. It prevents the movement ofreflected wave energy through 

the source position and thereby fails to properly simulate a physical incident wave. A 

simple way to mitigate the reflective nature of a pulsed hard source is to remove it from 

the algorithm after the pulse has decayed essentially to zero and apply instead the normal 

Yee field update [ 16, 17, 19]. 
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The following hard source on E= could be established at the grid source location to 

generate a continuous sinusoidal wave of frequency /
0 

which is switched on at n = 0: 

(33) 

A second common hard source provides a wide-band Gaussian pulse that provides 

a smooth roll off in frequency-content and a finite de-content. The pulse is centered at 

time step n 0 and has a 1 le characteristic decay of ndecay time steps: 

(33a) 

A third common hard source provides zero de-component, band-pass Gaussian 

pulse that has a Fourier spectrum symmetrical about /
0

• The pulse is again centered at 

time step n 0 and has a lie characteristic decay of ndecay time steps: 

E I" = E J;:,::J sin[ 2rcf. (n - n )tit J 
=i ,j,k o o o 

(33b) 

Although an ideal Gaussian pulse extends infinitely in time, this one must be 

truncated in the calculations and the effects of this must be considered, as well as the time 

duration of the pulse so that is has a suitable bandwidth. 
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The Fourier Transform of the Gaussian pulse is: 

l ( 11-110) l ::3 e - 11cJ,ca_, _ f At -(n ·f ·11c1,cavt:,J [ - jw ·I 
- -y7t . ndecay D. . e . e a (34) 

Normalizing the magnitude of the above expression, it is possible to choose its 

minimum value at the maximum frequency of interest. For example, if the minimum 

magnitude allowed is -20 dB, the value of ndecay can be obtained from: 

(35) 

Finally, under the assumption stated above, the following expressions will yield a 

desired pulse within a reasonable dynamic range: 

1 
ndecay = ~J, 

mat (36) 

no = 4ndecay 

where J,
11

m is the maximum frequency of interest [6,7]. 

The value for n
0 

is obtained as follows. Although an ideal Gaussian pulse extends 

infinitely in time, ours must be truncated in the calculations, and the effects of this must 

be considered. We must specify the time duration of the pulse so that it has a suitable 
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bandwidth. The Gaussian pulse will "exist" from Oto 2n0 time steps, approximated as 

zero outside this range, and with peak value at n0 • At the truncation points, the Gaussian 

pulse will have a value of e -V:::, r. So, by choosing n a = 4nd,cay the Gaussian pulse is 

down by e-16 or almost-140 dB. 
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4. MICROSTRIP ANTENNA ANALYSIS USING FDTD 

4.1 Coaxial Line and Microstrip Antenna Analvsis 

In order to make an accurate characterization and modeling of stacked microstrip 

antennas fed with a coaxial line, a full wave analysis is very important to deliver accurate 

results in a wide-band frequency region. Using full wave analysis, all the parasitic effects 

are included in the model, as well as fringing fields, dielectric discontinuities and 

characteristic impedance of the coaxial line. FDTD meets these characteristics, since it is 

capable of solving Maxwell~ s equations directly [20,21]. 

The FDTD space grid size must be chosen such that over one increment the 

electromagnetic field does not change significantly. The minimum dimension of the grid 

must be onl a fraction of the minimum wavelength expected in the model; through 

extensive experimental study it has been determined to be V20 or less for rectangular 

patches V-10 or less for circular patches. For computational stability, the time stepping is 

chosen to satisfy the Courant' s stability criterion. 

At t = 0, all the field components are made equal to zero over the entire 

computational region. Since the frequency spectrum of a Gaussian pulse is also Gaussian 

and gives a frequency domain information from de to the desired value of interest by 

adjusting its width, a Gaussian pulse is used as the excitation of the fields. 
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The common focuses on the FDTD numerical implementation of the microstrip 

antenna geometry are the modeling of substrates and the modeling of the discontinuities. 

Microstrip patch antennas have relatively small substrate thickness as compared to the 

patch resonant length width. Since the substrate thickness has a major effect on the 

antenna characteristics, it is necessary for this substrate thickness to be modeled by at 

least three cells to take into account the effect of substrate material [20-26]. 

4.1.1 Conductor Treatment 

The conductor treatment is not difficult. However, one must be very careful to 

make sure that the electric and magnetic fields are interleaved in space and set to the 

correct value at the specified node. Refer to Yee's cell to clarify this concept. 

Assuming perfect electric conductors, the tangential component of the electric 

field and the normal component of the magnetic field are equal to zero on the ground 

plane on conducting patches and on microstrip line conductors. This is the procedure 

used throughout this dissertation [22-24]. 

To take into account the singularity near the metallic edge, the known asymptotic 

field behavior can be employed to modify the finite-difference approximations of the H­

fields near the metallic edge. Using this procedure, it can be concluded and shown that 

the standard finite-difference equations can still represent the accurate field behavior near 

the metallic edge, providing the metallic structure is properly placed so that its edge 

exceeds the node space by the amount of 0.191-!u. 
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4.1.2 Dielectric Interface Treatment 

In the FDTD modeling of the object, material parameters are directly assigned to 

each unit cell, or more specifically, assigned to each related field component. However, 

at the interface between two different materials, the material parameters are not well 

defined. Thus it is necessary to find the proper material parameters at the interface. 

Consider a dielectric interface separating two media of permitivity r, 1 and r,2. The 

tangential E field component can be carried out via Maxwell's equations in the two media 

as [22-24]: 

(37) 

Based on the boundary conditions, the tangential £-field and the normal 

derivative of the H-field components must maintain continuity. Thus, adding the above 

equations and applying the continuity property yields: 

(38) 

Numerical experience shows that the average of the normal derivatives of H= with 

respect to y in the above equation is not necessary because there is only very little 
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difference between these two Hz derivatives. Therefore, the fields behave just as if the 

permitivity were 

(39) 

The dielectric constant on the interface of two different materials is thus modeled 

as an average of these two dielectric constants. This result can also be understood 

intuitively from the idea that the discrete fields located at the interface region are actually 

representing the continued fields within this region. Therefore, in the microstrip antenna 

case the interface plane between two dielectric materials is modeled as one zero­

thickness dielectric surface that has the dielectric constant of the average of the two 

dielectric constants. 

4.1.3 Coaxial Feed Models 

There are at least three different coaxial feed models that can be used in 

combination with the FDTD method. The first model, proposed by Reineix and Jecko, is 

a simple gap feed model in terms of total-field voltage and current; it was later modified 

by Luebbers and Langdon [22,27]. The second one, proposed by Jensen and Rahmat­

Samii involves simulating a coaxial feeding cable [28]. The third one, proposed by Wu 

and Litva involves the explicit insertion of the coaxial feed in the FDTD lattice [29, 30]. 
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4.1.3.1 The Gap Feed Model 

The gap feed model, which turns out to be the simplest one, consists of a feeding 

structure realized as a voltage generator with an internal resistor placed at a small gap 

between the patch and ground plane. This model works well assuming that the coaxial 

probe is very thin. An added internal resistor can provide an additional loss mechanism to 

decrease the current amplitude rapidly and then reduce the required simulation steps. A 

larger resistance can provide more loss and further reduce the time steps required for 

convergence. However, it has been shown through numerical experiments that the 

resistance cannot be too large, otherwise the accuracy level is not satisfied, and 

instabilities might occur due to neglecting the displacement current through the FDTD 

cell containing the source. The value of the internal source resistance is generally chosen 

as the system characteristic impedance to physically mimic the system. Since all the 

micro a e equipment are set to 50 ohms, the source resistance is thus chosen to be 50 

ohms [22.27]. 

The FDTD implementation of this voltage source with an internal resistor can be 

illustrated b its equivalent circuit representation: a voltage source V_:' in series with the 

internal resistor Rs = 500. . The voltage source can be any of the source types used with 

FDTD (Gaussian etc). The voltage at the feed point V;' is represented in the FDTD 

simulation by an imposed E-field at the feed point (if, jf, kf) as 

1

/1 

E= if ,.if ,kf = 
V 11 -RT' s s s 

50 

(40) 



The current 1_:
1 

through the source can be determined by applying Ampere's law, 

taking the line integral of the H field around the source location at every time step, 

H 1" ~111 - H 1" +112 H , 1"+1 1 2 - H . 111+1 12 
111+/ l2 = X l ,J ,k X 1,J+ l,k + _\ i+l,j ,k J i ,j,k 

., fix L1Y ( 41) 

The time offset of M/2 between the source voltage and current can be generally 

neglected since it is assumed to be small. 

It is worth noting that the connecting wire with infinitesimal diameter in the 

model of the feeding structure is actually modeled in the FDTD problem space by setting 

to zero the tangential component of the electric field, i.e., E=. 

This simple model can also be used to simulate a microstrip feeding structure. 

However, since the wire is a non-physical structure for the microstrip feed, a series 

inductance needs to be removed from the final results during the post-processing. The 

inductance introduced by the connecting wire can be found by a calibration run, which is 

done by comparing a known result with the FDTD simulation result. It has been 

determined empirically that the wire has an approximate inductance of 0.0 I µH/cm. 

4.1.3.2 Wire Model 

This model involves simulating a coaxial wire feed. The inner conductor radius 

ra , outer conductor radius rb and permitivity E within the coaxial line are chosen to 
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represent the desired characteristic impedance. A gap voltage is introduced in the coaxial 

center conductor, and the standard FDTD relations are used within the coax to propagate 

the fields toward the antenna [28]. 

At the end of the coax, special interfacing relations are required to update the 

radial electric and circumferential magnetic fields. The circumferential magnetic field is 

located half cell over the ground plane in the FDTD lattice. Its relation is derived using 

the integral forms of Maxwell ' s equations and assuming a lip dependence of the fields. 

Using this approach, the modified time-stepping equation assumes the form: 

[

E .1
11 

-'PE .1
11

. E_l'.
1

. - E_l
11

. l H rl~i~//1 = H rl~i~ //1 +~ J i ,j ,k ) i ,J .k-1 _ - 1,1.k - 1,J-l .k 

· 1.1 .k · 1 .1 .k µ .. ~ ( !1y I 2)/n( 11y I r
0

) 

1,J .k ( 42) 

'P = rh l n ( rh I r0 ) 

11y In( 11y I r
0

) 

1

11 + / • 

The tangential electric field E.r i .J ,k-J at the coax-antenna mterface can be 

calculated using the standard FDTD relations with the modification that Hx r:: 1 
is 

1

11 +/ I 111+/ I J • • h H In+! I ] ( 
substituted by ( 11y I rh ) Hx i.J ,k - to align Hx i .J .k - (antenna reg10n) wit x i .J .k-J coax 

region). 

Similar relations can be derived for the other circumferential magnetic and radial 

electric fields at the interface. 

The feed point voltage is obtained from the computed radial electric field using 
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Vil = rh zn(~JE Jll 
.1 2 r .v i ,J,1<-1 

a 

(43) 

The current in the wire can be obtained from the discretized form of Ampere's 

Law. Because reverse propagating modes in the coax are excited by the source voltage 

and by reflections from the coax-antenna transition, it is essential to terminate the coax 

with an absorbing boundary condition. A first-order accuracy boundary condition works 

well assuming that the propagating mode in the coax is transverse electromagnetic. 

In the antenna region, the circumferential magnetic fields in the cells immediately 

adjacent to the wire, over the coax-antenna transition and towards the microstrip patch, 

can be calculated using an expression similar to equation ( 42) but with'¥ = 1. The term 

EJ_::_
1 
will be set to zero for a perfectly conducting wire (it could also be forced to some 

functional form if it is to be a source point). The computation of the other field 

components and for the fields not adjacent to the wire can be accurately performed with 

the standard FDTD equations. 

4.1.3.3 Explicit Coaxial Feed Model 

This is a rigorous explicit feed model. We need a simple feed model that does not 

introduce a ery large computational overhead, that can be used to simulate thick coaxial 

probes and that can be used in a microstrip array environment. In this explicit coaxial 

feed model the computational space is divided into two regions. One is the coaxial line 

region and the other is the antenna region. If the coaxial structure is defined with a small 
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number of FDTD cells, thus the processing time spent in the coaxial line region is very 

small compared to that spent in the antenna region [29,30]. 

The space increments & , ~ , 6.2 of the FDTD lattice in the coax region are chosen 

to be equal to those of the antenna region. Since the characteristic impedance of a SMA 

connector and its coaxial line is about 50 ohms, a calibration run is needed to make sure 

that the numerical characteristic impedance of the coaxial line is equal to 50 ohms over 

the frequency range of interest. Figure 10 illustrates the coaxial line feed and how it is 

merged into the antenna. 

Microstrip 

Patches 

~ 

Truncated 
Dielectric 

,/Layers 

Antenna~ 
Element :::: : ::::: Ground 

· · · { 
1
{ .. ~ Plane 

Co axial !~! !~! 
Line 
~ ...... 

Excitation 
~ Plane 

Figure 10. Rigorous Coaxial Feed Model. The computational domain for the feed used 

for the simulations is 7x7x70 and£,= 2.5. 

Given that a coaxial line can excite TEM modes up to a predictab:e cutoff 

frequency it can be assumed that the electric field will be traveling perpendicular to the 

coax-antenna transition and to the excitation plane. Thus, the model will be valid below 
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this cutoff frequency and Mur' s First Order ABC can be used in the coaxial region, as 

long as the coax-line length is kept long enough to account for the decay of any higher­

order modes that could be present in the numerical model. The non-TEM modes that are 

excited by the nonphysical excitation will decay after propagating at most a few lattices. 

The only mode that is able to propagate down the coaxial line is the TEM mode. 

A radial field distribution is specified at the excitation plane, projected to the 

Cartesian components of the FDTD lattice, 

II Ill Vs = -£feed - - b.x, 
l ,j .k 

I
ll Ill 

E x-feed . . = Ep .. cos~ 
l ,J .k l ,J.k 

Ill Ill E = E sin y- f eed - -.k p - -.k ~ I ,) I ,) 

,h -/ ( L\p l' J '+' =tan --· 
L\px 

(44) 

The increments L\p x , L\p Y represent the distance from the point being evaluated to 

the center of the coaxial line. The electric field E pr . takes on the values of the 
l ,J.k 

Gaussian-e citation. Mur s first order ABC is applied at the excitation plane once the 

Gaussian Pulse has completely departed from that plane. It is also used at the end of the 

coa ial line for the calibration run. The curved-boundary of the inner and outer conductor 

of a coaxial line can be approximated with a staircase, although a square coaxial line 

works well as long as it preserves the desired electrical characteristics (TEM excitation 

and characteristic impedance). 
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The radial electric and circumferential magnetic fields are merged at the coax­

antenna transition. The radial electric field components are located at the coax-antenna 

interface, and therefore it is enough to set the continuity condition of the tangential 

electric fields at this interface, 

E ,,, =E ,,, 
x ic.jc ,kc x i.j ,O 

I
ll Ill E =E 

Y ic.jc,kc Y i.J ,O 

(45) 

The index (ic, i c, k c) is used in the coax-region while the index (i,j,k) is used in 

the antenna-region. The standard FDTD equations can be used for the circumferential 

magnetic fields and for the rest of the fields in the computational space. 

4.2 The Perfectly Matched Layer 

Since the computation domain cannot include the whole space, the computational 

domain must be truncated. For the microstrip geometry, rather than extending the FDTD 

lattice out beyond the dielectric material edge, the lattice can be terminated as close as 

possible to the antenna using an absorbing medium. 

The numerical algorithm must simulate the propagation of the outgoing waves 

using absorbing boundary conditions. In the case of the coax-fed stacked antennas, Mur's 

second order absorbing boundary conditions have been shown to be accurate enough. In 

order to avoid instabilities of Mur' s boundary condition, the computational domain must 

be made large enough, and the computation must be carried out over a certain limited 
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period over which useful information can been obtained [31 ]. However, for an array of 

stacked microstrip antennas, it is necessary to have a boundary condition that can absorb 

all the waves coming in every direction towards the boundary walls. 

In 1994 Berenger introduced the Perfectly Matched Layer (PML ), a technique 

based on the use of an absorbing layer especially designed to absorb the electromagnetic 

waves without reflection [32-39]. 

PML splits all six Cartesian field vector components and introduces the electric 

and magnetic conductivity ( cr and cr *) to cause the decay of propagating fields, yielding 

12 equations as follows [3 7]: 

(46a) 

(46b) 

(46c) 

(46d) 
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Using the centered finite difference expressions for the space and time 

derivatives, yields the desired time-stepping relations for E and H fields as follows: 

H . 111+/I:! = D ' I H ,11-l ] - D 71 = i,j+J/2.k = i,j-1 12 .k 

[
£ 1

11 

-E 1

11 

J 
X_I i.).k ) I i.).k X_I i .j.k Y- i.j,k ~y 

H 111+//] = D I H 111 -/ /2 - D I [ E Y l:1.j ,k+l /2 - E Y[j.k~ l /2 l 
x: i.).k :I i ,_j ,k x: i.j .k :] i.j,k 6Z 

[
£ 1

11 

-E 1

11 

J H _,11+/ I ] = D_ 1- . H _,11-J /] - D_ 7,.. X i.j.k+l /2 X i.j ,k-1 11 

_\- i ,j .k - 1 l ,J,k ) - i .) .k -- l,J,k 6Z 

[

E_,
11 

. _ E_,
11 

. J H 111+/ I ] = D I H . ,11-/ I ] - D ,,_ . - i+/ 11,J.k - ,-1 11,J.k 

_1 '.\' i.j ,k xi i .j.k _IX i ,j.k -"- t,J ,k fix 

1
11+/ I ] = D I H 111-J I] - D 1- . [ E_i[, 12.),k - E y L, 12.j.k l 

H :x i .j .k XI i.j ,k :x i.) .k X] l,J ,k fix 

[ 

E 1
11 

. - E -1
11 

. J 
1

11+/ I 2 = I ,11-1/ 2 - D I X i ,J+l 12.k .\ l ,J-112,k 
H_ D,,J H_\' 1• ? . ' .k A 

-Y i .j ,k · i .j.k -. i.) .k · - I .J . DY 
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E .111+/ = C I E Ill -C I ; i ,j+J /2,k - = i,j-1 12,k 

(
H !

11

+

112 

E J

11

+

112 J 
X) i ,j .k xy l i ,j ,k xy i .).k xy 2 i.).k ~y 
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1

11+/ / 2 

1

11+/ / 2 l 
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1
,_, _ c 

I 
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(48a) 

Cxv 2' -.k = I cr I 
. I ,J E r . . k y i ,j ,k 

~+ 

I 

fJ.t 2 

(48b) 

(48c) 

(48d) 
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(48e) 

(48f) 

c=I 1 I. -/, = C' 1 cr ,, 1- -k 
· I ,),'\ c, _ . . ,k .• I ,), 

___:.__!_:.!_ + 
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M 2 
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!:::.{ 2 

2 

(48g) 

(j' ~-1- -k µV . l ,.J , 

M 2 D.1 . = •1 
_l / i ,J ,k (j' I' . . k 

~+ . /,). 
fi t 2 (48h) 
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·1 cr r . µ . i .J.k 
~o + 
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(48i) 

The attenuation to outgoing waves afforded by a PML medium is so rapid that 

standard Yee-time-stepping cannot be used, especially for structures whose transient 

fields do not decay appreciably with time (for example, structures electrically large or 

antennas with high dielectric constants) [3 7]. The constants given above must be 

modified to include an explicit exponential-difference time advance as follows: 

C j =e :rd . . k . 1,J , 

cr ,.1 . . _61 
__ . _ , .J_.A _ 

(J ..- li.j.k 6 1 

1-e-~ 
C,·11 I = I ·'. - i 1· k . . cr 

Y i.) ,k 

a: li .j.k 61 

C I =e-~ 
:cl i .j ,k 

a J.j.k 6I 

1 
-~ -e ,.1. 

cv-71 -"k = I ··- - ,.1. cr 
= i ,j .k 
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· 1.j.k 

c_ ,I 
_\' _ i.j .k 

- CJ .rl ,.j,k 6 1 
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E,,I - e . , .; .k 
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1 - e E= li.1 ... 

CJ ,. 1 .. 6 1 . , .; .k 
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63 

- CJ .1 li.j.k 6 1 

1- e ~ 

(j Yli.j .k 

- CJ ;1,.j.k 6 1 

1-e -µ-0 

(j .: 1 .. k I,./ , . 

(49c) 

(49d) 

(49e) 

(49f) 

(49g) 



cr:.1. _ f:ll 
__ · _, ,1_.k _ 

I 
1- e µ" 

Dyl --1, =-.1-
l ,j," (J 

y i.j,k 

cr ;1. _ /:ll 
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(49h) 

(49i) 

At the interfaces between normal FDTD and PML regions, it is desired that waves 

can propagate through without any reflections. Once waves enter the PML region, they 

will get attenuated and absorbed. If 11 1 and 17 2 are the wave impedances in the FDTD and 

PML region respectively they can be expressed by the following equations, assuming 

normal incidence [32] 
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where 17 0 is the characteristic impedance of free space and co is the frequency of the 

incident wave. The necessary condition for no reflection as waves propagate through the 

interface is the impedance ma,tching between these two regions, 17 1 = 17 2, which yields 

CT CT 
= (51) 

If '-V represents any component of a plane wave propagating in a two-dimensional 

PML medium, TE case, Berenger shows that with the matching condition given above, 

'-V can be expressed as 

(52) 

where '-Vo is the magnitude of that component, ~ is the angle with they axis, and vis the 

wave velocity in the medium. This equation shows that the wave in the PML region 

travels at exactly the same speed as that in the normal FDTD region, but decays 

exponentially along the x and y directions. These results can be extended to the three 

dimensional case [32]. 

When a wave propagates in the x-direction only, CT x and CT .: are matched 

according to the matching condition, CT Y =CT _:. = 0 and CT= =CT; = 0. Similarly, when a 
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wave propagates in they or z-direction only, the conductivity values that are not in the 

direction of propagation are set equal to zero. At the comer regions where there is overlap 

of two PML lattices, four losses are non-zero (for example, cr x, cr: and cr _v, cr _: ). At the 

comer regions where there is overlap of three PML lattices, six losses are non-zero ( cr x, 

cr :, cr _r , cr -~- and cr =, cr ; ). 

A PML layer is defined by three parameters: the number of cells (thickness), the 

kind of conductivity scaling and the theoretical reflection coefficient at normal incidence, 

R( O) . 

4.2.1 Conductivity Scaling 

In the above equations, the electric and magnetic conductivity values satisfy the 

matching impedance condition. With that treatment, theoretically there is no reflection at 

the vacuum-layer interface. Nevertheless, the layer does have a reflection since the 

outgoing waves are reflected by the perfectly conducting conditions set on its outer 

boundary and they can return into the vacuum. So for a plane wave, an apparent 

reflection is defined which is a function of the layer thickness 8 and a conductivity profile 

cr(p). This conductivity is either crx in a layer normal to x, cry in a layer normal toy, or cr:­

in a layer normal to z [33 34]. 

The reflection factor at an angle of incidence 0 is 
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R(0) = { R(O )pose 
28f:, 

--<CJ ;> 

R(O) = e EoC 

1 0 
< cr ; >= 8 fa cr ( P )dp 

From these equations, the average conductivity is: 

(53) 

(53a) 

Theoretically one can obtain reflection factors as short as required by increasing 

the thickness 8 or the conducti ity cr(p) , or both. In practice, a small amount of numerical 

reflection occurs which depends on the choice of 8 and cr(p ). 

For the microstrip geometry Er is inhomogeneous, causing an ambiguity in the 

abo e equation. This problem can be solved applying quasi-static theory to determine the 

effecti e dielectric constant of the structure. Therefore Er represents the effective 

dielectric constant of a multi-layer space. 

4.2.1.1 Polynomial Scaling 

For a polynomial scaling of the conductivity [33,34], 

(J ( p) =(JO ( p / 8 )" (54) 
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Typically, n in the range between 2 and 4 has been found to be suitable for the 

analysis of microstrip antennas. For an N-cell layer, the reflection coefficient factor at 

normal incidence is 

The conductivity cr0 can be obtained from the above equation as follows: 

(55) 

(56) 

The conductivity at the mesh points is implemented as the average value in the 

cell around the index location. At index i , the 

] r ( i )+M 2 
cr (i) = - cr (u)du 

II ~ ( i ) - 6/ ] 
(57) 

Therefore: 

cr O _ Eocln( R(O )) 
II ( ) - 211+2 ~ . N11+J (58) 

r( . )11+1 (2 . J)"+I] crJi>O)=cr
11
(0)~2z+l - z-
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Berenger showed that for solving wave-structure interaction problems, the PML 

layer must satisfy two constraints. First, the FDTD conductivity cr,, ( 0) is bounded by 

(59) 

where De is the duration of the computation (number of time steps times M); second, the 

ratio of successive conductivity values must be lower than a value S, i.e.: 

cr,,(i+l/2) ~S 
cr,,(i) 

(60) 

For polynomial scaling, the above ratio is not constant and depends on the 

position in the PML layer. Therefore, polynomial scaling is not an optimum profile of 

conductivity since it could result in a needlessly thickness of the PML layer. 

e ertheless since all its parameters can be determined easily, the FDTD 

simulation can be set to run at least for a time 

D = 2m: 0 

c 0-cr,JO) 

The value 0 has been determined empirically to be about 10 for a parabolic 

conductivity profile (polynomial scaling with n=2). 
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4.2.1.2 Geometrical Scaling 

To reduce the numerical reflections from the PML-interface, layers with 

conductivity increasing geometrically can be used. Denoting by /1 the spatial increment 

of the FDTD mesh and G0 the conductivity in the vacuum-layer interface, such 

conductivity profiles are [33,34]: 

l 

G(p)=GJg 6 jP (62) 

so that the conductivity increases by the factor g from one cell to the next. For an N-cell 

layer the reflection coefficient factor at normal incidence is 

The conductivity G 0 can be obtained from N, g and R(O) as follows: 

cr = 0 

(63) 

(64) 

The conductivity at the mesh points is implemented as the average value in the 

cell around the index location. Therefore: 
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fi-1 
cr ,,(0) =cr 

O 
---

ln( g) 

( . 0) g-1 ; 
cr,, z > = cr o fi ln( g) g 

(65) 

The ratio S of equation (60) is constant and equal to fi. Therefore, for solving 

wave-structure interaction problems, geometrical scaling is the optimum profile of 

conductivity. Once g is known, an approximate number for the duration of the simulation 

can be obtained from equation (61). 

4.2.1.3 PML parameter selection 

From equation (53), it is clear that inside the PML region the field decays as e-Bl d 

where d = t,c -J;::. The cell size in the PML region is chosen to be a fraction m of 
2< cr ;> Er 

thjs decay length d. Thus, d = m · ~. 

Therefore, the average conductivity becomes: 

£ C 
< cr . >= o 

I 2-J;::m • ~ 
(66) 

Using the above equation and equation (53a) yields 
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N 
m=--

~ 

A reasonable value form has been obtained through extensive experimental 

study. In a broad range of applications, an optimal choice for a IO cell thick PML is 

(67) 

R ( 0) ~ e - i 6 . Therefore, m ~ 10 I 16. The larger the value of m, the thicker the PML will 

be. Typically, m takes a value of 1. 

Based upon the desired reflectivity R(O) and the value of m, < cr; > is calculated 

in equation (66) and it is straightforward to show from equation (53) that the length of the 

PML in meters is determined to be: 

8 
= _ £ 0 c · ln( R(O )) 

2~ <CT;> 
(68) 

therefore, the PML will have a thickness N = 8/ ~ cells. Typically, PML has a thickness 

of 7 9 or 16 layers. 

Using equation (53) it can be shown that for polynomial scaling, the maximum 

conductivity obtained is: 

(69) 

And for geometrical scaling, the maximum conductivity is: 
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N In( g) 
CT' o = N <CT;> 

g -] 
(70) 

The value of g can be calculated solving simultaneously the above equation with 

(61) and (65), yielding: 

(71) 

Although at this point the duration of the computation is unknown, a first-order 

estimate can be obtained assuming that it is equal to that of the parabolic profile. 

4.3 Circular Elements 

The Cartesian FDTD method uses a spatial division in discrete cells such that the 

electrical properties are constant throughout the individual grid cells, and changes in 

these properties can be represented as discrete changes at the grid cell boundaries. Since 

all conductor boundaries are defined along the grid cells, curved surfaces cannot be 

represented precisely and can be typically approximated by a 'staircase' boundary. 

Abarbanel and Ditkowski [19] proposed an approach known as the simultaneous 

approximation term (SAT) method, which adds a penalty term that accounts for the shape 

of the body. For normal 'stair-casing', the grid cells at the bounding contours can have 

portions outside of the domain of integration, whereas for SAT all of the grid cells are 

entirely within the computational domain. Through experimental study, it is determined 
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that as the mesh is refined, the ' normal stair-casing' technique yields only first-order 

accuracy. However, the SAT approach can reach almost third-order accuracy. The error 

of the SAT scheme is usually about 1/100 or less of the error due to 'stair-casing'. 

So, in this dissertation the circular boundaries are approximated using 'stair­

casing , but making sure that all the grid cells representing an electric conductor are 

entirely within the circular area covered by the patch. 

4 .4 Rado me Coverings 

A radar dome, or radome, is a protective dielectric housing for a microwave or 

millimeter wave antenna. The function of the radome is to protect the antenna from 

adverse environments in ground-based, shipboard, airborne and aerospace applications 

while ha ing insignificant effect on the electrical performance of the enclosed antenna or 

antennas. The frequency band of application for radomes is approximately from 1 to 1000 

GHz [6]. 

Radom es are generally composed oflow-loss dielectrics of thickness comparable 

to a wavelength which are shaped to cover the antenna and, if necessary, to conform to 

aerodynamic streamlining. 

A multi-layered antenna can be modeled using the FDTD method (Figure 11). It 

is important to study the radome covering to a) determine the effects of the superstrate on 

the resonance and input impedance on a single stacked element and b) build an accurate 

model for a single element before the array environment is tackled. 

74 



In this dissertation, the radome covering is reduced to the case of a dielectric 

covered microstrip antenna, assuming that the dielectric layer thickness is larger than the 

cell-size used to divide the FDTD computational domain into discrete cells. 

IVlicrostrip Patches Radome covering ( Superstrate) 

Coaxial Line Feed 

Second Dielectric Layer 

First Dielectric Layer 

Figure 11. Single microstrip stacked element with a superstrate. 

4.5 Radiation Pattern Analysis 

The fields calculated with FDTD are only within the computational space and 

therefore the FDTD calculations only produce information of the electromagnetic fields 

that are adjacent of within the radiating object. However, FDTD can also be applied to 

analyze radiation from antennas, with the desired results being the far zone scattered or 

radiated fields that lie outside the FDTD space. This can be accomplished through the use 

of the equivalence principle, where the near field information is used to obtain the 

equivalent tangential electric and magnetic currents. These currents are then transformed 

into the far field region to obtain the radiated field [ 40-46]. 
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There are four near-zone to far-zone transformations that can be used to obtain the 

radiation pattern of an antenna: 

1) Single-frequency far-zone calculations. With a sinusoidal time-harmonic source being 

specified, the FDTD calculations are stepped through time until steady-state 

conditions are reached. The complex time-harmonic electric and magnetic currents 

flowing on a closed surface surrounding the object are then obtained. This involves 

very little computer storage, being four complex tangential fields (two electric fields 

and two magnetic fields) or surface currents for each Yee cell face on the closed 

surface. If these complex fields or currents are written to disk, then in post-processing 

the far zone radiated fields can be calculated in any direction. This is a good method 

to apply when far zone radiation or scattering patterns are desired at only one 

frequency [ 16]. 

2) Multiple-frequencies hybrid approach. It uses pulsed excitation for the FDTD 

calculations but supplies frequency domain far zone fields. For each frequency of 

interest a running discrete Fourier transform (DFT) of the time harmonic tangential 

fields (surface currents) on a closed surface surrounding the FDTD geometry is 

updated at each time step. The running DFT provide the complex frequency domain 

currents for any number of frequencies using pulse excitation for the FDTD 

calculation. This is more efficient than using time harmonic excitation, which 

requires a separate FDTD calculation for each frequency of interest. It requires no 

more computer storage (per frequency) for the complex surface currents than the 

frequency domain far zone transform described above, and like it, provides frequency 
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domain far zone fields at any far zone angle. If far zone results are desired at a few 

frequencies, then the running DFT approach seems to be the optimum choice [16]. 

3) Full time domain approach. This is the most straightforward approach, it requires 

saving the time domain tangential fields (surface currents) over a closed surface 

containing the FDTD geometry for all time steps. Transient far zone fields can be 

computed in post-processing for all angles, and frequency domain results are 

computed using Fast Fourier Transforms (FFT) for all frequencies at all angles. This 

method is extremely versatile, it provides all possible far zone results available from 

the FDTD calculation; however, except for a very small geometry (thin plates or 

wires), a large amount of computer storage is required to save all the surface current 

components at all the time steps. Therefore, it does not seem to be a practical 

approach. 

4) Transient far-zone fields for discrete angles. In many situations, transient and/or 

broadband frequency domain results are required at a limited number of angles, for 

example, transient antenna radiation for a limited number of pattern cuts. For these 

situations it is better to directly compute the transient far zone fields at each angle of 

interest as a running summation. This approach requires storing transient results for 

each time step for six far zone far zone vector potentials per far zone angle rather than 

four tangential field components (surface currents) per cell face on the transformation 

surface. If frequency domain results are desired they can be efficiently obtained from 

the far zone transient results with application of the FFT. In this way one FDTD 

computation using pulse excitation along with an FFT produces wide-band far zone 

scattering or radiation results at one specific angle [16,40,41]. 
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The all-frequency-domain method described above is less efficient than the 

running DFT if results at more than one frequency (at all angles) are desired. The running 

DFT method requires more computational effort than the all-time-domain approach if far 

zone results are desired at more than a few frequencies and at all angles. The transient 

approach at discrete angles is much more efficient in its use of memory than the full­

transient approach, if a broadband response is necessary for only a few discrete angles 

[16]. 

In this dissertation the DFT approach described above has been chosen because 

of its ability to deliver results at all angles for desired frequency values. The frequency 

values chosen are the center frequency and two lateral bands within the operational 

bandwidth of the microstrip antenna. 

The Fourier Transform of a complex and single-valued function f ( t) is defined 

as [17] 

where t and ffi are real variables and j is the imaginary unit. If t designates the time in 

seconds then ffi designates the angular frequency in radians per second. The Discrete 

Fourier Transform (DFT) is obtained evaluating the integral at N discrete points 

(72) 

{1
0

, f, ... , f _
1

} resulting in a sequence of complex values {F0 , F,, ... , FNF} where NF is 

the desired number of frequency values: 
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N -1 

Fk ( ktiro) ~ ML J,, ( n!it )e-J-Mro -nru 

11=0 

k = 0,1, .. . ,NF 

Using !iro = 2rr.!if and !if= -
1
- , this summation can also be written as: 

N!it 

N -1 .2rc·k ·n 

Fk ( ktiro ) ~ tit L J,, ( n!it) e -J-N-

11=0 

The function J,, ( tit ) represents the discrete time-domain field values obtained 

through the FDTD computations, n is the time step index, N is the length of the DFT 

summation ~ro and ~tare the frequency and time resolutions respectively, k is the 

(73) 

(74) 

frequency index. The transformation Fk ( ktiro) is the complex quantity that provides the 

magnitude and phase information at the frequency k-!iro. The value N = - 1
- must be 

~JM 

greater than or equal to Nrnm, the number of time steps of the FDTD computation. 

The frequency resolution tiro is chosen to be consistent with the sampling-

7t 
theorem. If •!it is the total time duration, then a frequency resolution of !iro ~ --must 

NM 

be used to obtain an alias-free spectrum. 

In order to obtain the near-field data for the microstrip antennas, the DFT 

summation given above is updated at every FDTD time step, and the final values are 

normalized by the DFT of the incident pulse. The complex value Fk ( ktiro) must be 
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stored for every field components at each frequency of interest and at every cell where 

the frequency response is calculated. For single frequency calculation, the storage 

overhead for pulsed FDTD is smaller than for continuous wave (CW) FDTD. The 

overhead for pulsed FDTD increases linearly with the number of frequencies. 

It is worth noting that the DFT algorithm is more efficient than the Fast Fourier 

Transform (FFT) algorithm for computing the frequency response from pulsed FDTD 

when only a limited number of available frequencies are of interest. Since N must always 

be greater or equal to the number of FDTD time steps, therefore in all far-field 

computations N is taken equal to the FDTD time step. 

The frequency domain near zone to far zone transformation is a well-known 

procedure [17]. If the radiating object is surrounded by a closed surfaces ', and if ii is a 

unit vector normal to the surface, then the time harmonic equivalent surface electric and 

magnetic currents are ] _
1
.(w) = n x H(w) and Ms(w) = -n x E(w), where H(w) and 

E ( w) are the radiated magnetic and electric fields at the surface. 

The time harmonic far zone electric fields can be obtained as follows: 

-ikr 

Ee (8 ,~) = J-e ·-(-riN0 + L~) 
2A

0
r 

-jkr 

E~ (8 ,~) = j-e -(-riN~ +Le) 
2A

0
r 
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where Tl is the impedance of free space, r is the distance from the origin to the far zone 

field point, Ao is the wavelength at the frequency of interest, k is the wave number and, 

N(w) and L(w) are two time harmonic vector potentials defined as: 

N ( 0) ) = If J s ( 0) )e )kr'cosw dS' 
s 

L( 0) ) = If M.1· ( 0) )ejkr'co.1'11 dS' 
s 

Ne (0 '~ ) = Jf[Jx cos0 cos~ + J y cos0 sin~ -J= sin0 } j kr'co~'I' dS' 
s 

¢ (0 '~ ) = If[- J .T sin~ + J y cos~ } j kr'cO.l'V dS' 
s 

4 (0 '~ ) = Jf[Mx cos0 cos~ + My cos0 sin~ - M= sin0 }jkr'cO.l'V dS' 
s 

LQ (0 '~ ) = ff[- MX sin~ + M y cos~ } j kr'co~'I' dS' 
s 

where S is the closed surface surrounding the antenna. 

(76) 

(77) 

Determining the tangential fields and surface currents can be illustrated by 

considering the contribution from a single FDTD cell. This cell lies on an arbitrary virtual 

closed boundary surface S ', which separates the exterior infinite region and the interior 

region containing the antenna. The closed surface S ' is chosen rectangular in shape to 

conform to the distinct planes of the FDTD lattice. Due to the nature of the Yee cell, the 

field values are not specified at the same surface of the cell. To determine the field values 

at the center of the cell faces on the integration surface, appropriate field values including 

those from nearby cells are spatially averaged. 
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As an example consider the electric field component E; tangential to the 

transformation surface S ' and at the center of a particular ( i, j, k) Yee cell face. The field 

E; must be found by appropriate spatial averaging of the E_~ values at cell ( i, j, k) and 

from adjacent cells. Assume that part of the integration surface under consideration has 

an outward unit normal vector n = aY (x-z plane). Then, at the center of the cell 

EI" +EI" E" = X i .j+l .k X i ,j+l .k+/ 

X 2 
(78) 

The magnetic field components at the same point would require averaging four 

terms. The electric field component obtained above will produce the magnetic surface 

current 

(79) 

Therefore E_~ on this cell contributes only to M =, the surface of integration is 

IJ.x-~ and the value of E" is assumed constant over this surface. In order to keep track of 
X 

the relati e phase delay for each cell face on the integration surface, a spatial reference 

(i c, j c, kc) must be located ( the center of the Cartesian computational space would be an 

appropriate reference point). The vector from the reference cell to the center of the Yee 

cell face on the integration surface is 
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(80) 

The value of 1 I 2 is added because the integration surface of the ( i, j, k) cell 

face under consideration is offset by 1 I 2 cell in the y-direction away from the cell 

center. Similarly, a ± 1 I 2 cell contribution must be considered for all the cell faces on 

the S' integration surface. 

The complete structure far field data can be obtained by summing similar 

contributions from all the tangential field components on all of the cell walls lying on the 

integration surface. 

4.6 Multiple Feeds for Circular Polarization 

The rectangular and circular patches radiate primarily linearly polarized waves if 

con entional feeds are used with no modifications. However, circular and elliptical 

polarizations can be obtained using various feed arrangements or slight modifications 

made to the elements [ 4 7 ,48]. 

Circular polarization can be obtained if two orthogonal modes are excited with a 

90° time-phase difference between them. This can be accomplished by adjusting the 

physical dimensions of the patch and using either single or two or more feeds, using 

rectangular or circular patches. Multiple feed schemes using coaxial probes are studied in 

this dissertation [ 4 7,48]. 
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For a circular patch, circular polarization is achieved by using two feeds with 

proper angular separation. With an arrangement of two coaxial probes, each probe is 

always positioned at a point where the field generated by the other probe exhibits a null; 

therefore there is very little mutual coupling between the two probes. To achieve circular 

polarization, it is required that the two feeds are fed in such a manner that there is 90° 

time-phase difference between the fields of the two; this is achieved through the use of a 

90° hybrid, as shown in Figure 12. A shorting pin is placed at the center of the patch to 

ground the patch to the ground plane; this is not necessary for circular polarization, 

however it is used to suppress modes with no ~ variations and it may also improve the 

quality of the circular polarization [47,48]. 

Coaxial probe 

90° 
Hybrid 

Coaxial Probe 

Figure 12. Circular patch fed with two coaxial probes. 

Center of disk 
grounded to 
ground plane 

For the dominant mode (TM2
110) and for higher order modes (TM

2
210, TM

2
010, 

TM2
310, TM\ 10, TM\ 10, TM\ 10, etc.), the spacing between the two feeds to achieve 

circular polarization is different. Furthermore, as it is seen in Figure 13, two additional 

feed probes located diametrically opposite to the original poles are usually recommended, 

in order to preserve symmetry and minimize cross polarization, especially for relatively 

thick substrates. The additional probes are used to suppress the neighboring (adjacent) 
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modes which usually have the next highest magnitudes. For the even modes (TMz210 and 

TMz410), the four feed probes should have phases of 0°, 90°, 0° and 90°, while for the odd 

modes (TMz110 and TMz310) they should have phases of 0°, 90°, 180° and 270° [47]. 

Figure 13. Circular patch feed arrangements for the dominant and higher-order modes. 

In this dissertation, the focus will be kept on the dominant mode TMz110 of the 

circular patch. A very simple and practical way of achieving circular polarization with a 

circular patch is by making it slightly elliptical or by adding small tabs on the perimeter 

(four tabs 90° spaced from each other). 

From the point of view of the FDTD geometry, this implies a more complicated 

structure and therefore more complexity and memory use. While feeding one coaxial line, 

the other probes must be terminated by an absorbing boundary condition in order to 

simulate the 50 ohms termination that is used in the experimental setup. Special care 

must be taken to simulate the holes that are made on the lower patch, when the inner 

conductors of the coaxial probes are feeding the upper patch. It is also necessary to model 

the shorting pin that is placed at the center of the patch to ground the patch to the ground 

plane, as well as the tabs that are used to achieve a better circular polarization. 
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5. RESULTS FOR MICROSTRIP ANTENNA ELEMENTS 

In this section, the validation of the FDTD model discussed in the previous 

chapters is made. Several simulations were performed on different antennas that can be 

used in an array environment. Some representative results are presented here. 

5 .1 Rectangular Micro strip Patches 

5.1.1 Single Layer Microstrip Patches 

To demonstrate the validity of the coaxial feed model, a simulation has been 

performed on a single-layer microstrip patch consisting of a rectangular metal patch (W = 

25. 1 mm, L = 17. 72 mm) on an infinite substrate (Er= 2.33, h = 2.35 mm). The feed is 

located 4.86 mm from the center of the antenna. The antenna was taken from [29]. 

For these calculations a nine-layer PML was used, geometrical conductivity 

scaling with g = 4.0 and a reflection coefficient at normal incidence R(0) = 10-4. The 

computational grid size was~= ~y = 0.432195 mm,~= 0.391667 mm. The coaxial 

line length was 70 cells long and the voltage sampling point was located 10 cells away 

from the ground plane. The results are shown in Figures 14 through 17. 
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Figure 14. Single Layer Rectangular Patch: Coax-Feed Analysis. 
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Figure 17. Single Layer Rectangular Patch: Impedance Analysis. 
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5.1.2 Stacked Microstrip Patches 

Measurements were performed on a stacked antenna consisting of two square 

metal patches and a foam layer (Er = 1.1) on top of a Rexolite substrate (Er = 2. 5 3, tan 8 

= 0. 00066), with truncated dielectric layers. The coaxial probe is connected to the lower 

patch and the upper patch (parasitic) is excited through coupling from the main radiating 

patch. Figure 18 depicts a cross section of this antenna [ 49]. 

I-0.840 -1 
Parasitic Patch 

0.125 GND Plane 

5 

NOTES: 
(1) All dimensions are in inches . 

Figure 18. Layout of the antenna element used for the linear and planar array. 

For these calculations a nine-layer PML was used, geometrical conductivity 

scaling with g = 4.0 and a reflection coefficient at normal incidence R(O) = 10-4. The 

computational grid size was & = ~y = 1. 016 mm, /j,z = 0.80645 mm. The coaxial line 

length was 70 cells long and the voltage sampling point was located 10 cells away from 

the ground plane. Excellent agreement can be obtained in predicting the scattering 

parameters of the antenna. Figures 19 through 22 depict the comparison between the 

predicted and the measured results. 
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Figure 22. Stacked Rectangular Patches: Smith Chart Analysis. 
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5 .2 Circular Microstrip Patches 

A simulation was performed on a stacked antenna consisting of two circular metal 

patches and three dielectric layers. The bottom layer has tr = 2.45, h = 1.5218 mm. The 

middle layer has tr= 1.22, h = 3.1759 mm. The top layer has tr= 2.45, h = 0. 7609 mm. 

The coaxial probe is connected to the lower patch and the upper patch (parasitic) is 

excited through coupling from the main radiating patch. The third dielectric layer is on 

top of the upper circular patch. The feed is located 7.9398 mm from the center of the 

antenna [50]. 

For these calculations a nine-layer PML was used, parabolic conductivity scaling 

and a reflection coefficient at normal incidence R(O) = 10-6
. The computational grid size 

was Ill,= L\y = 0.378086 mm, & = 0.38045 mm. The coaxial line length was 70 cells 

long and the voltage sampling point was located 10 cells away from the ground plane. 

Figures 23 through 26 depict the comparison between FDTD and Moment Method 

results. 
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Figure 26. Stacked Circular Patches: Smith Chart Analysis. 
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5.3 Dual Coaxial Probe Feed 

When a dual feed antenna is designed, the feed probe coupling cannot be 

neglected. The addition of a second probe results in an increase in the cross-polarization 

level. If an antenna is going to have dual-polarization, it is a common practice to place 

the probe with horizontal polarization in the null of the field distribution of the probe 

with vertical polarization, and vice versa. However, coupling is a complex phenomenon 

and it is not very easy to achieve the mentioned requirement. Usually, a coupling level of 

about -20 dB is acceptable. 

5.3.1 S-Band Stacked Microstrip Element 

The first simulation has only one feed. The results obtained for this antenna are 

presented here because the antenna will be modified to include two probes in the next 

section. The simulation was performed on a stacked antenna consisting of two stacked 

square patches· the dimensions are 40. 005 mm for the lower patch and 40. 64 mm for the 

upper patch. The bottom layer is made of Rexolite (Er= 2.5, h = 6.35 mm). A foam layer 

(Er= 1. 05, h = 12. 7 mm) is placed on top. The coaxial probe is connected to the lower 

patch and the upper patch (parasitic) is excited through coupling from the main radiating 

patch. The feed is located 18.0975 mm from the center of the antenna [51-52]. 

For these calculations a nine-layer PML was used, parabolic conductivity scaling 

and a reflection coefficient at normal incidence R( 0) = l o-6
. The computational grid size 

was flx = L1Y = 1.6002 mm, /.1z = 1.5875 mm. The coaxial line length was 70 cells long 
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and the voltage sampling point was located 10 cells away from the ground plane. Figures 

27 through 30 depict the results predicted with FDTD. 
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Figure 30. S-band Stacked Square Patches: Smith Chart Analysis. 
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5.3.2 Dual-Feed S-Band Rectangular Microstrip Antenna 

The antenna described above was modified to include an additional feed for dual 

linear polarization. A way to reduce coupling between probes is to try to separate them. If 

a circular patch were to be used, it would require that the probes be separated 90 degrees 

for orthogonal polarization. If the probes were moved along the circumference, the 

requirement for dual orthogonal polarization would not be met. With a square patch, the 

probes can be moved laterally since there are no field variations in that dimension; 

therefore coupling between probes can be drastically reduced, as well as the cross­

polarization level. In this case, the probes are offset from the center of the patch by 0.045 

inch. The results are depicted in Figure 31 and compare very well with measurements. 
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5.3.3 Dual-Feed L-Band Circular Microstrip Antenna 

Finally, a simulation was performed on a stacked antenna consisting of two 

circular metal patches and two coaxial probes for circular polarization. The probe is 

connected to the upper patch through a hole in the lower patch. This is the kind of 

configuration used for dual-frequency operation. Both dielectric layers have Er= 6 and 

tan 8 = 0. 0018. The thickness of the lower layer is 6.35 mm, and 2.54 mm for the upper 

layer. The feed is located 7. 493 mm from the center of the antenna [51,52]. 

For these calculations a nine-layer PML was used, parabolic conductivity scaling 

and a reflection coefficient at normal incidence R( 0) = I o-6
. The computational grid size 

was llx = ~y = 0. 732367 mm, l1z = 0.635 mm. The coaxial line length was 70 cells long 

and the voltage sampling point was located 10 cells away from the ground plane. The 

results are shown in Figures 32 and 33. 
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6. RES UL TS FOR MICROSTRJP ARRAYS 

6.1 Mutual Coupling in Microstrip Array Antennas 

It is very important to study the mutual coupling effects in Phased Array 

Antennas, especially when the array is going to be scanning. When an antenna is placed 

next to other antennas in an array environment, complex interactions occur between 

them. The current distribution of the antenna changes compared to the case when the 

antenna is isolated in free space. The current distri~utions vary on all of the array 

elements due to their mutual coupling, therefore changing the driving point impedance of 

each element. Coupling is also responsible of increased sidelobe levels_, main beam 

squint filled or shifted nulls grating lobes and array blindness at some scan angles, and 

even improvement in sidelobe levels if tapering of the array distribution function occurs 

[53-66]. 

The calculation of mutual coupling among array elements is done using standard 

two-port network techniques. The scattering parameters are found by exciting one of the 

antennas and terminating the driving point of the others with 50 ohms. The S-parameters 

for an N-port network are defined as: 

(60) 
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where b; is the reflected wave from port i and a J is the incident wave at port j. The 

energy that is being coupled from element j into element i is represented by S iJ • 

Using the explicit coaxial feed model described in Chapter 4, the 50 ohms 

matching for the passive array elements is accomplished through the use of an absorbing 

boundary condition at their excitation planes. 

The FDTD Method is applied to analyze two 8-elements Linear Arrays (E-plane 

and H-plane configuration) as well as one 25-elements Planar Array. The arrays consist 

of Coax-fed Stacked Microstrip Antennas; they were built and tested in Raytheon E­

Systems Inc. Figure 34 depicts the layout of the antenna element used for these arrays. 

This is one of the antennas that were studied in Chapter 5, and is repeated here. 

1~0.a40 -1 
Parasitic Patch 

0.125 GND Plane 

5 

NOTES: 
(1) All dimensions are in inches . 

Figure 34. Layout of the antenna element used for the linear and planar array. 

For these calculations, a nine-layer PML was used. The conductivity was varied 

using geometrical scaling with g = 4. 0, and a reflection coefficient at normal incidence 
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R(0) = 10-4. The computational grid size was & = ~y = 1.016 mm, l1z = 0.80645 mm. 

The coaxial line length was 70 cells long and the voltage sampling point was located 1 0 

cells below the ground plane, inside the coaxial line. The S-parameters and input 

impedance are calculated and compared with measurements for the linear and planar 

arrays [53-57]. 

Figure 3 5 depicts the layout of the Linear Array configurations that were 

simulated. Figure 36 is the photograph of the actual array that was built. The results in 

Figures 37 through 41 are for the H-Plane configuration, and in Figures 42 through 44 for 

the E-Plane configuration. For the results that are shown, an incident Gaussian pulse is 

sent through element #4 while all other elements are terminated with an ABC. The 

oltage at element #5 is sampled. Therefore, S-15 (the coupling from element #5 into 

element #4) is obtained. 

Figure 45 depicts the layout of the Planar Array configuration that was simulated. 

Figure 46 is the photograph of the actual array that was built. An incident Gaussian pulse 

is sent through element # 12 while all other elements are terminated with an ABC. The 

voltage at element #13 is sampled. Therefore, S12_13 (the coupling from element #13 into 

element # 12) is obtained. The results are shown in Figures 47 through 50. 
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w 
Figure 35. Top view of: (a) Eight-element Linear Array (E-Plane configuration) (b) 
Eight-element Linear Array (H-Plane configuration). 

Figure 36. Photograph of the Eight-element Linear Array. 

104 



20 

15 

Cl> 10 
:i:: 

~ 5 

0 

-5 

-5 

CD 

~ -10 
(l) 

-g 
1§ -15 
Ol 
(ll 

~ -20 

TOTAL VOLTAGE 

500 1000 1500 

Time Steps 
IN C ID E N T VO LT AG E 

-25 L----~------~----' 
0 2 4 6 8 

Frequency (GHz) 

Cl) 

-Ii TRANSMITTED VOLTAGE 
x10 

2 

~ 0 
> 

-2 

1000 2000 3000 

Time Steps 
C HAR AC TE R IS TIC IMP E DAN C E 

100 ..------,.---~-----.----, 

,-.. 
Cl) 

E 80 .c 

8 
(l) 
u 

60 C 
(ll 
i:, 
(l) 
Cl. 

J;; 40 

«l 
.c 
u 20 

2 4 6 

F re que ncy (GHz) 

Figure 37. H-Plane Array Configuration: Coax-feed Analysis, elements #4 and #5. 

-5 

CD 
~ 
Q.) -10 

~ ·c 
g' -15 
2 

-20 

S 1 1 MAO N ITU D E (IN P U T E LE M E N 1) 

4 4 .5 5 5 .5 8 

F re que ncy (0 Hz) 

100 
~ 
Q.) 

~ 
g' 0 
e, 
ffi 
l -100 
a.. 

Figure 38. H-Plane Array configuration: S-1-1 Analysis. 

105 

S11 PHASE (IN PUT ELEMEN1) 

4 4 .5 5 5 .5 8 

F re que ncy (0 Hz) 



S 2 2 MAG N ITU D E (R E F E R E N C E E LEM E N T) 

4 4 .5 5 5 .5 6 

Frequency (GHz) 
S 2 2 P HAS E (R E F E R E N C E E LE ME N T) 

~ 
Cl) 

~ 
OI 

100 

Cl) 0 
e, 
~ 
al 
.c - 100 
Q. 

4 4 .5 5 5 .5 6 

Frequency(GHz) 

S 2 1 MAG N ITU D E (IN P U T TO R E F E R E N C E) 

-15 

m-20 
~ 
Cll -25 

~ 
·1:: -30 
OI 
al 

:f -35 

~ 
Cl) 

~ 
OI 
Cl) 

e, 
~ 

100 

0 

~ -100 
Q. 

I - - ~ .r.,. 

4 4.5 5 5.5 

F re que ncy (GHz) 
S21 PHASE (INPUT TO REFERENCE) 

4 4.5 5 5.5 6 

Frequency (GHz) 

Figure 39. H-Plane Array configuration: S55 and S-15 Analysis. 

3 .5 

3 

o:: 2 .5 
s 
(/) 2 

1 .5 

4 

STAND ING WAVE RATIO 

4.5 5 5 .5 6 

F re que ncy (GHz) 
IMAGINARY PART OF INPUT IMPEDANCE 

50 ,....., 
"' .§ 
e, 
8 0 
C: 
al 
13 
al 
Cl) 

o:: -50 

4 .5 5 5 .5 

Frequency (GHz) 

--;;;' 150 
E 
.c 
0 
~ 100 
u 
C 
Ill 
'ts 
-~ 50 
Cl) 

0:: 

--;;;' 150 
E 

.£:. 

Q. 
Cll 100 
u 
C 
Ill 
-0 

~ 50 
§ 

REAL PART OF INPUT IMPEDANCE 

4 4 .5 5 5.5 

Frequency(GHz) 
IN P U T IM P E D AN C E 

6 

0 i__ __ .....,__ __ _._ __ __. __ ___, 

4 4.5 5 5.5 6 

F re que ncy (GHz) 

Figure 40. H-Plane Array configuration: Impedance Analysis, element #4. 

106 



SMrfH CHART: INPUT IMPEDANCE 

Figure 41. H-Plane Array configuration: Smith Chart Analysis, element #4. 
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S22 MAGNITUDE (REFERENCE ELEMENT) 

........ -5 
CD 
~ 
Q.) 

~ -10 
·c 
CJl 
Ill 

z -1 5 

4 4 .5 5 5 .5 6 

F re que ncy (GHz) 
S22 PHASE (REF ER ENCE ELEMENT) 

100 

0 

~ 
l -100 
Cl.. 

4 4 .5 5 5.5 e 
Frequency (GHz) 

S21 MAGNITUDE (INPUT TO REFERENCE) 

-10 

,.......-20 
CD 
~ 
a.> -30 

~ 
-~-40 
,n 

z 

'c? 
Q.) 

~ 
CJl 
Q.) 

e, 
~ 

-50 

100 

0 

l -100 
Cl.. 

4 4 .5 5 5 .5 6 

Frequency (GHz) 
S21 PHASE (INPUT TO REFERENCE) 

4 4 .5 5 5.5 6 

F re que ncy (GHz) 

Figure 44. E-Plane Array configuration: S 55 and S-15 Analysis. 

108 



Figure 45. Top view of a twenty-five elements planar array configuration. 

Figure 46. Photograph of the 25-elements Planar Array. 
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7. RES UL TS FOR PHASED ARRAY MICROSTRJP ANTENNAS 

Large Phased Array Antennas are usually analyzed using an infinite array 

approximation. Even not so large arrays can be modeled reasonably as infinite. There is a 

very important justification for this kind of approximation: the complexity of the solution 

is reduced, only one element of the array is modeled and therefore the memory and 

computational effort is decreased. The infinite array approximation is usually done using 

Floquet boundary conditions around a reference element and assuming a periodic 

structure that is infinite in extent along the axes of the array [67-74]. 

An infinite array approximation includes the effect of mutual coupling between 

elements and predicts the variation of the scan impedance with the scan angle; however, 

it does not account for the edge effects that occur in a Finite Array. Furthermore, Finite 

Arrays excite surface waves on the dielectric substrate, which also contribute to scan 

blindness [75-76]; the infinite array approximation cannot provide this information, since 

it cannot support surface waves, except perhaps at a scan blindness angle. 

The preferred method for the analysis of Phased Array Antennas has been 

traditionally the Method of Moments because of its ability to model rigorously the 

microstrip antenna geometry, and thanks to the excellent work developed by Pozar and 

others. The main contribution and emphasis of the work presented here is on the use of 

the FDTD method to analyze small arrays with stacked microstrip elements. The 
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flexibility and generality of the FDTD method renders it the advantage to model very 

complex geometrical configurations, without the need to derive a Green's Function. And 

also, FDTD can deliver broadband results in a single computational run. The phase-shift 

for each antenna element is modeled in the time-domain, feeding a Gaussian pulse to 

each array element but with the appropriate time delay. 

7 .1 Scanning Characteristics of Finite-sized Phased Array Microstrip Antennas 

When an array of antennas is used for scanning, the input impedance of the array 

elements changes due to their interactions and mutual coupling. The scan impedance is 

defined as the driving-point impedance of a given array element as a function of scan 

angles when all of the elements of the array are excited by the proper amplitude and 

phase [75-76]. 

Beam steering is implemented via changes in the excitation of a given element. 

Using the notation for an N-port network, the excitation for the n - th element of an N­

element array scanning at an angle (80 , ~ 0 ), can be expressed as 

(81) 

where a
11 

is the incident wave at port n in the N-port network, x 11 and y 11 are the 

coordinates of the n - th element with respect to a reference element. 

From the definition of the S-parameters, 
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(82) 

it can be easily shown that the active reflection coefficient for element n, the scanning 

angle (80 , ~o) can be represented by the following expressions 

r;;,' (eo,~oJ = ~ 
a,, 
N 

ri:,,(eo ,~oJ = Ls,,111 ~ 
m=i a,, 

(83) 

The first expression for the active reflection coefficient can be easily implemented 

with the FDTD method, since we can feed the array element at port n with the incident 

wa e a,, and measure the reflected wave b,,. 

The second expression is very useful if the S-parameters of the array are known. 

The coupled energy from the other ports into port n can be calculated with FDTD using 

the procedure described Chapter 6, or it can be measured exciting the input element while 

all other elements are terminated with a matched load. 

Doing the substitution of the excitation a into the above expression, it becomes: 
Ill 

r .11 (0 ,f.. ) = f, s la l/11 e-jksi118,,[(xlll-xll)cos$0+( yn,-_l',, ) Si11$,,] 

111 o , 't' o ~ 11111 I I 
111=1 a,, 

(84) 
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For a uniformly excited array, the ratio of a
111 

to a,, is equal to 1. This expression 

was implemented, and proved to be very useful once the S-parameters are known. 

It is a common practice to express the active reflection coefficient assuming that 

the array is conjugate matched to its broadside scan impedance, so 

r .,,(8 ,h ) = z;;Jeo,~o)- z;;,(o,o) 
111 0

1
't' o zn (8 ,h ) Tl (0 0) 

111 0 1 't'o + 111 ' 

(85) 

where z;;,(8
0

, ~
0

) is the scan impedance at the scan angle (8
0
,~

0
) and z;;,(0,0) is the 

input impedance at broadside. 

Figure 51 shows the setup between the source and the n - th array element. The 

actual input b_
1
. at the n - th port can be expressed as 

Source Portn 

Figure 51. Two-port network setup for the excitation of the n - th array element. 
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Therefore, the scan element pattern E;' (8 ,~) for the n - th element of the array 

can be obtained from the knowledge of the far-field radiation pattern of an isolated 

element E(8 ,~) as follows 

(87) 

and after making the substitution for bs yields the final expression for the scan element 

pattern 

where r ,:,' (8 ,~ ) is the active reflection coefficient of the n - th element, and r/ (8 ,~) is 

the reflection coefficient as seen into the excitation source. Note that for conjugate 

matching between the source and the n - th port [1- r;:,' (8 ,~ Jr/ (8 ,~)] becomes 

[1- lri; (0 .~JI' ]. The scan element pattern can be obtained experimentally or with the 

FDTD model presented in chapter 6, exciting one element and terminating the others to 

50 ohms. 

For an array with N elements, the array radiation pattern EJ8 ,~) can be obtained 

adding the contributions of all the scan element patterns in the far field 
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N 

El/(8 J~) = LE;' (8 J~) (88) 
11=1 

7. I. I FDTD Treatment of the Excitations 

In order to use the FDTD algorithm to analyze finite phased arrays antennas 

[58,59] , a phase shift can be implemented in the time domain to model the effects of the 

scanning angle. The sources that excite each one of the array elements can be modeled 

using the shift property of the Fourier Transform, i.e. [53-57]: 

where ~~0 is the excitation phase difference between the n - th array element and a 

reference element and td is the time delay in the excitation of both elements, i.e.: 

(89) 

(90) 

By inspection of the above expression it is observed that a fixed delay in the time 

domain will yield a frequency-dependent phase shift. Does this mean that this is not a 

viable procedure? Without loss of generality, let's do an exercise with a uniformly 

excited array with spacing d among the array elements. 
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Switched-line shifters (also referred to as time-delay steering) have the desirable 

property that beam position is independent of the frequency driving the phase shifter. The 

phase shift ~~0 required to scan to an angle 8 
0 
from bore-sight is given by 

(91) 

Note that since k = 2nf I c , if there is a frequency change the phase and steering 

angle direction will change. If a delay line with length L is used as a phasing network, the 

phase shift is equal to ~~ 
0 

= kl . If this expression is combined with the above equation, 

it can be shown that the steering direction can be made independent of frequency 

. 8 L szn 
O 

= -
d 

Using the idea presented above, introducing a phase shift ~~0 = wtc1 and 

combining it with the equation for the phase shift ~~o required to scan to an angle 

8 
0 
from bore-sight yields, 

ct 
sine =-" 

o d 
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Therefore, it can be concluded that the introduction of a constant time delay is 

equivalent to the introduction of a line of length L = ctd at the excitation point. And that. 

renders this approach viable for the modeling of the excitation and broadband analysis of 

phased array antennas. 

7 .2 Implementation of the Excitation in Time Domain 

The excitation phase-difference L'.1~ 
0 

= ~ 11 -~ ref between element n and the 

reference element in the array can be determined in terms of a constant L'.1~ mill • For 

simplicity, the time delay is chosen to be proportional to the time step used in the FDTD 

calculations i.e. , fc1 = mM . Thus [53-57] , 

L'.1~ o = mL1~111i11 = uJ . td = 2rcf. ml1t 

L'.1~ mill = 2rcf L'.1f 
(94) 

If ~ x and ~Y are the progressive phase shift, d x and d.r the distance between the 

array elements in the x and y directions respectively, the maximum of the array factor 

occurs when: 

~x =-kdxsin8 0 cos~ 0 

~.r = -kd_
1
, sin8 0 sin~ 0 
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Hence, using the idea presented previously, the progressive phase shift ~xis m 

times ~~min in the x-direction and ~Y is n times ~~min in they-direction: 

(96) 

Thus, delaying the phase excitation by m time steps (m·M) in the x-direction and n 

time steps (n·M) in they-direction renders a time domain approach for modeling a phased 

array antenna. 

In the frequency domain, the phase excitation for the ( i, j) array element in a 

planar array takes the form ( i = 1 .. M, j = 1 .. N ): 

~~ = ~ O + (i - 1) ~ X + (j -1) ~ y 

~~ =~o +(i-l)m~~111i11 +(j-l)n~~111i11 
(97) 

where ~0 is the phase of the reference element of the array (usually ~o = 0). 

In order to avoid modeling time advances, only time delays are represented with 

this approach· therefore the reference element must always be element #1 ( i = 1, j = 1). 

In the time domain, the equivalent Gaussian pulse excitation becomes: 

-[ 1-10 - ( i-J )1116.1-(j-l )116.I r 
E(t) = e 'C J (98) 
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The excitation of every array element occurs at delayed times with respect to the 

reference element. This idea is depicted in Figure 52. 

t = t 
O 

+ (i - 1 )mb,.f + ( j - 1 )nM (99) 

Some caution must be exercised in order to represent adequately this time delay 

and to avoid undesired numerical reflections coming from the coaxial lines. The feed 

model requires terminating the coaxial lines with an absorbing boundary condition at 

their excitation planes. The ABCs must start once the Gaussian pulse (width 2t0 ) has 

already traveled through the excitation plane. For example, for element# 1 the ABC must 

start at t = 21
0 

for element #2 at t = 21
0 

+ mM, and in general, for the element located at 

row M column N at t = 2t
0 

+ ( M - J)m/:),.t + ( N -J)n/:),.t. 

The number of time steps that the excitation must be delayed in order to represent 

the desired progressive phase shift is, in the x and y directions, 

d T sin00 cos~u 
m=--=--· -----

cxM 

d ,. sin0 
0 

sin~ 0 

(100) 

n = --=--- -----
cY/:),.t 
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7 .3 Simulation Results 

The active reflection coefficient was calculated for two linear arrays, E-Plane and 

H-Plane configuration [53-57]. For these calculations, a nine-layer PML was used, with 

the geometrical progression coefficient g = 4.0 and a reflection coefficient at normal 

incidence R(0) = 10-4. The computational grid size was '1x = ~y = 1.016 mm,~= 

0.80645 mm. 
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Figures 53 through 56 depict the active impedance and S11 calculations for 

element number 4 of the broadside linear arrays, H-plane and E-plane configuration Wx = 

~Y = 0). Two different scanning angles (30 and 90 degrees) were calculated for the H­

plane configuration. For these angles, ~x = 104.9655 degrees (m = 34. 6753, L1~min = 

3.0271 degrees, M = 1. 7702 psec), and ~x = 209.935 degrees (m = 69.3519, L1~min = 

3.0271 degrees, L1t = 1. 7702 psec). The results are shown in Figures 57 through 61. 
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7.3.1 Isolated Microstrip Antenna 

The radiation characteristics of the isolated microstrip element are presented in 

Figures 62 through 69. These results will be appreciated better when they are compared 

to the case when the antenna is put in an array environment. 

The radiation parameters can be calculated from the electric fields predicted using 

the near to far zone transformation: 

The circular polarization loss is: -3.0103 dB 

The radiation pattern has a maximum at phi= 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.414759 dB 

The input power at the antenna port is equal to: 0.00908917 Watts 

The total radiated power is equal to: 0.00474736 Watts 

The a erage radiated power per steradian is equal to: 0.000377783 Watts/steradian 

The directivity is equal to: 8.46723 dB 

The radiation efficiency is equal to: 52.231 percent or -2.82072 dB 

The gain is equal to : 5.23175 dB or 3.13175 dbi 
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Figure 64. H-Plane Radiation Pattern of the isolated microstrip element, phi-cut= 90 
degrees at 4.75 GHz. 
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Figure 66. Gain of the isolated microstrip element at 4.75 GHz. 
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Figure 69. E-Plane cross-polarization pattern for the isolated microstrip element, phi-cut 
= 0, Ex at 4.75 GHz. 
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7.3.2 E-Plane Array Scan Element Patterns 

The scan element pattern characteristics for the eight-element E-Plane Array are 

presented in Figures 70 through 80. Although in these results only one element is being 

fed while the other elements are terminated in 50 ohms, several conclusions can be 

extrapolated that will determine the performance of the scanning-array once all the 

elements are active. 

The radiation parameters can be calculated from the electric fields predicted using 

the near to far zone transformation. These results can be compared to those for the 

isolated element. 

The circular polarization loss is: -3.0103 dB 

The radiation pattern has a maximum at phi= 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.414759 dB 

The input power at the antenna port is equal to: 0.00908917 Watts 

The total radiated power is equal to: 0.00386622 Watts 

The average radiated power per steradian is equal to: 0.000307664 Watts/steradian 

The directivity is equal to: 9.10666 dB 

The gain is equal to: 4.97953 dB or 2.87953 dbi 
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Figure 73. Scan element pattern for the E-Plane Array, phi-cut= 0 degrees at 4.75 GHz. 
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Figure 77. Efficiency of the Scan Element for the E-Plane Array. 
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Figure 79. E-Plane Pattern for the E-Plane Array, phi-cut= 90 degrees, at 4.75 GHz. 
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7.3.3 H-Plane Array Scan Element Patterns 

The scan element pattern characteristics for the eight-element H-Plane Array are 

presented in Figures 81 through 91. Although in these results only one element is being 

fed while the other elements are terminated in 50 ohms, several conclusions can be 

extrapolated that will determine the performance of the scanning-array once all the 

elements are active. 

The radiation parameters can be calculated from the electric fields predicted using 

the near to far zone transformation. These results can be compared to those for the 

isolated element. 

The radiation pattern has a maximum at phi = 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.270424 dB 

The input power at the antenna port is equal to: 0.00939632 Watts 

The total radiated power is equal to: 0.00421081 Watts 

The average radiated power per steradian is equal to: 0.000335085 Watts/steradian 

The directivity is equal to: 8.80382 dB 

The gain is equal to: 5.04748 dB or 2.94748 dbi 
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Figure 82. Contour Plot of the Active Reflection Coefficient for the H-Plane Array. 
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Figure 84. H-Plane Scan Element Pattern, H-Plane Array, phi-cut= 0 degrees, 4.75 GHz. 
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Figure 85. H-Plane Scan Element Pattern, H-Plane Array, phi-cut= 0 degrees, 4.75 GHz. 

0 

180 

Figure 86. E-Plane Scan Element Pattern, H-Plane Array, phi-cut= 90, 4.75 GHz. 
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Figure 87. E-Plane Scan Element Pattern, H-Plane Array, phi-cut= 90, 4.75 GHz. 
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Figure 88. Gain for the Scan Element in H-Plane Array at 4.75 GHz. 
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Figure 91. Contour Plot of the Efficiency for the Scan Element, H-Plane Array. 
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7 .3 .4 Planar Array Scan Element Patterns 

The scan element pattern characteristics for the 25-element Planar Array are 

presented in Figures 92 through 108. Although in these results only one element is being 

fed while the other elements are terminated in 50 ohms, several conclusions can be 

extrapolated that will determine the performance of the scanning-array once all the 

elements are active. 

The radiation parameters can be calculated from the electric fields predicted using 

the near to far zone transformation. These results can be compared to those for the 

isolated element. 

The radiation pattern has a maximum at phi= 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.313258 dB 

The input power at the antenna port is equal to: 0.0093041 Watts 

The total radiated power is equal to: 0.00394267 Watts 

The a erage radiated power per steradian is equal to: 0.000313748 Watts/steradian 

The directivity is equal to: 9.06976 dB 

The gain is equal to: 5.02767 dB or 2.92767 dbi 
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Figure 96. Active Reflection Coefficient for the Planar Array, phi-cut= 45 degrees. 
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Figure 99. H-Plane Scan Element Pattern, Planar Array, phi-cut= 0, 4.75 GHz. 
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Figure 100. H-Plane Scan Element Pattern, Planar Array, phi-cut= 0, 4.75 GHz. 
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Figure 101. E-Plane Scan Element Pattern, Planar Array, phi-cut= 90, 4.75 GHz. 
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Figure 102. E-Plane Scan Element Pattern Planar Array, phi-cut= 90, 4.75 GHz. 
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Figure 103. Gain of the Scan Element at 4.75 GHz. 
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Figure 105. Efficiency of the Scan Element, phi-cut= 0 degrees. 
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Figure 106. Efficiency of the Scan Element, phi-cut= 0 degrees. 
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Figure 107. Efficiency of the Scan Element, phi-cut= 90 degrees. 
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7.3.5 E-Plane Phased Anay Characteristics 

The scan element pattern characteristics for the eight-element E-Plane Array are 

presented in Figures 109 through 120. Broadband results have been obtained for the 

scanning-array when all the elements are active. 

The radiation parameters can be calculated from the electric fields predicted using 

the scan element patterns. The radiation parameters for the E-plane Array scanning at 0 

degrees are: 

The radiation pattern has a maximum at phi= 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.414759 dB 

The input power at the antenna port is equal to: 0.0750658 Watts 

The total radiated power is equal to: 0.0489373 Watts 

The average radiated power per steradian is equal to: 0.0038943 Watts/steradian 

The directivity is equal to: 16.1449 dB 

The radiation efficiency is equal to: 65.1925 percent or -1.85802 dB 

The gain is equal to: 13.8721 dB or 11.7721 dbi 

The radiation parameters for the E-plane Array scanning at 30 degrees are: 

The radiation pattern has a maximum at phi = 90 degrees, theta= 30 degrees 

The mismatch loss is equal to: -0.414759 dB 

The input power at the antenna port is equal to: 0.0750658 Watts 

The total radiated power is equal to: 0.026617 Watts 

The average radiated power per steradian is equal to: 0.00211812 Watts/steradian 

The directivity is equal to: 16.1166 dB 

The gain is equal to : 11.199 dB or 9.09898 dbi 
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Figure I 09. 3-D Mapped Pattern for E-Plane Array, scan angle= 0, 4.75 GHz. 
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Figure 110. H-Plane radiation Pattern of the E-Plane Array, scan angle= 0 degrees, phi­
cut = 0, 4.75 GHz. 
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Figure 112. E-Plane Radiation Pattern for the E-Plane Array, scan angle= 0 degrees, phi­
cut = 90 degrees, 4.75 GHz. 
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Figure 114. Gain of the E-Plane Array at 4.75 GHz, scan angle= 0 degrees. 
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Figure 116. 3-D Pattern for the E-Plane array, scan angle= 30, 4.75 GHz. 
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Figure 117. E-Plane Radiation Pattern for the E-Plane Array, scan angle= 30 degrees, 
phi-cut= 90 degrees, 4.75 GHz. 
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Figure 118. E-Plane Radiation Pattern for the E-Plane Array, scan angle= 30 degrees, 
phi-cut = 90 degrees, 4. 75 GHz. 
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Figure 120. Gain of the E-Plane Array, scan angle= 30 degrees, 4.75 GHz. 
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7.3.6 H-Plane Array Scanning Characteristics 

The scan element pattern characteristics for the eight-element H-Plane Array are 

presented in Figures 121 through 132. Broadband results have been obtained for the 

scanning-array when all the elements are active. 

The radiation parameters can be calculated from the electric fields predicted using 

the scan element patterns. The radiation parameters for the H-plane Array scanning at 0 

degrees are: 

The radiation pattern has a maximum at phi= 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.270424 dB 

The input power at the antenna port is equal to: 0.0759095 Watts 

The total radiated power is equal to: 0.0455992 Watts 

The average radiated power per steradian is equal to: 0.00362867 Watts/steradian 

The directivity is equal to: 16.5197 dB 

The radiation efficiency is equal to: 60.0706 percent or -2.21338 dB 

The gain is equal to: 14.0359 dB or 11.9359 dbi 

The radiation parameters for the H-plane Array scanning at 30 degrees are: 

The radiation pattern has a maximum at phi = 0 degrees, theta= 30 degrees 

The mismatch loss is equal to: -0.270424 dB 

The input power at the antenna port is equal to: 0.0759095 Watts 

The total radiated power is equal to: 0.0314544 Watts 

The average radiated power per steradian is equal to: 0.00250306 Watts/steradian 

The directivity is equal to: 16.1039 dB 

The gain is equal to: 12.0074 dB or 9.90737 dbi 
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Figure 121. 3-D Radiation Pattern for the H-Plane Array, scan angle= 0, 4.75 GHz. 
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Figure 122. H-Plane Pattern, H-Plane Array, scan angle= 0, phi-cut= 0, 4.75 GHz. 
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Figure 123. H-Plane Pattern, H-Plane Array, scan angle= 0, phi-cut= 0, 4.75 GHz. 
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Figure 124. E-Plane Pattern, H-Plane Array, scan angle= 0, phi-cut= 90, 4.75 GHz. 
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Figure 125. E-Plane Pattern, H-Plane Array, scan angle= 0, phi-cut= 90, 4.75 GHz. 
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Figure 126. Gain of the H-Plane Array, scan angle= 0 degrees at 4.75 GHz. 
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Figure 127. Gain of the H-Plane Array, scan angle= 0 degrees, 4.75 GHz. 
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Figure 128. 3-D Radiation Pattern, H-Plane Array, scan angle= 30, 4.75 GHz. 
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Figure 129. H-Plane Pattern, H-Plane Array, scan angle= 30 degrees, 4.75 GHz. 
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Figure 130. H-Plane Pattern for the H-Plane Array, scan angle= 30, 4.75 GHz. 
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Figure 131. Gain for the H-Plane Array at 4.75 GHz, scan angle= 30 degrees. 
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Figure 132. Gain for the H-Plane Array at 4.75 GHz, scan angle= 30 degrees. 
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7 .3. 7 Planar Array Scanning Characteristics 

The scan element pattern characteristics for the 25-element Planar Array are 

presented in Figures 133 through 143. Broadband results have been obtained for the 

scanning-array when all the elements are active. 

The radiation parameters for the phased array are calculated from the scan 

element patterns, and for the Planar Array scanning at 8 = O,~ = 0 degrees are: 

The radiation pattern has a maximum at phi= 0 degrees, theta= 0 degrees 

The mismatch loss is equal to: -0.313258 dB 

The input power at the antenna port is equal to: 0.235455 Watts 

The total radiated power is equal to: 0.17254 Watts 

The a erage radiated power per steradian is equal to: 0.0137303 Watts/steradian 

The directivity is equal to: 20.6146 dB 

The radiation efficiency is equal to: 73.2792 percent or -1.35019 dB 

The gain is equal to: 18.9511 dB or 16.8511 dbi 

The radiation parameters for the planar array scanning at 8 = 30,~ = 0 are: 

The radiation pattern has a maximum at phi = 0 degrees, theta= 30 degrees 

The mismatch loss is equal to: -0.313258 dB 

The input power at the antenna port is equal to: 0.235455 Watts 

The total radiated power is equal to: 0.132654 Watts 

The average radiated power per steradian is equal to: 0.0105563 Watts/steradian 

The directivity is equal to: 20.2037 dB 

The gain is equal to: 17.3985 dB or 15.2985 dbi 
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Figure 133. 3-D Mapped Pattern for the Planar Array, 4.75 GHz, scan angle= 0,0. 
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Figure 134. H-Plane Pattern, Planar Array, scan angle= 0,0, phi-cut= 0, 4.75 GHz. 
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Figure 135. H-Plane Pattern, Planar Array, scan angle= 0,0, phi-cut= 0, 4.75 GHz. 
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Figure 136. E-Plane Pattern, Planar Array, scan angle= 0,0, phi-cut= 90, 4.75 GHz. 
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Figure 138. Gain for the Planar Array at 4.75 GHz, scan angle= 0,0. 
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Figure 141. H-Plane Pattern, Planar Array, scan angle= 30,0, phi-cut= 0, 4.75 GHz. 
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Figure 142. Gain for the Planar Array at 4.75 GHz, scan angle= 30,0. 
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Figure 143. Gain for the Planar Array at 4.75 GHz, scan angle= 30,0. 

7.3.8 Remarks 

At the scan blindness angle the reflection coefficient magnitude of an infinite 

arra is unity. For a finite array, the reflection coefficient magnitude of the center element 

can actually be greater than unity, which means that the antenna is delivering power to 

the generator this power of course is being transferred from other ports and does not 

violate any conservation laws. The reflection coefficient magnitude variation with 

position tends to oscillate about the corresponding value for an infinite array. 

For an isolated antenna, the efficiency is constant at a specific frequency and of 

course does not vary with scan angle. For arrays, however, a significant variation of 

efficiency occurs with scanning. The general trend is that the efficiency improves 

substantially for even modest sized arrays, and increases with array size at all scan angles 
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except those near the angle where the infinite array has blindness. At the scan blindness 

angle, the efficiency decreases with increasing array size since there is more surface wave 

power. Destructive interference of the surface wave occurs with increasing array size, 

except near the blindness angle. If an infinite array approximation of an array does not 

predict any scan blindness angle, the efficiency would be unity; the efficiency predicted 

by the finite array simulation would be close to unity. 

As the array size increases, the pattern and gain becomes oscillatory and converge 

to the pattern and element gain of the infinite array. The element patterns for elements 

away from the center can be quite asymmetric, that is why it is so important to have a 

finite array simulation that unlike the infinite array approximation, takes into 

consideration the edge effects [79-83]. 
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8. CONCLUSIONS AND FUTURE RESEARCH 

In this dissertation, it has been shown that the FDTD method is a very flexible and 

powerful simulation methodology for studying finite-sized broadband multi-iayered 

phased array microstrip antennas. The approach allows modeling of electric conductors, 

inhomogeneous dielectric media and the coaxial feed. 

Several validation and comparison tests have been performed to show the 

accuracy of the FDTD methodology. The FDTD results have been compared with 

measured data and in some cases with the Method of Moments. 

Foil owing is a summary of the main contributions that have been presented in the 

dissertation: 

a) An extensive study of finite phased arrays of coax-fed stacked microstrip 

antennas using the Finite Difference Time Domain Method (FDTD). Rectangular 

and circular patches are used. The model can handle multi-layer microstrip 

antennas. The antennas can be bottom-fed for broadband, or upper-fed for dual­

frequency applications. 

b) Accurate prediction of mutual coupling between the array elements, scattering 

parameters, radiation patterns and the computation of the scan impedance of the 

array. 
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c) A full-time domain source excitation model for phased arrays, which renders 

broad band results in a single computational run. 

d) Analysis of antennas with multiple coaxial feeds for dual linear and circular 

polarization, using a full-time domain excitation. 

e) A Computer Aided Design (CAD) program has been developed, which include all 

the features mentioned in this dissertation. Emphasis has been placed on 

visualization of the results, using 3-D and 2-D graphics that are very useful to 

interpret the results. These developments can be used future research endeavors. 

While the goal of this dissertation was to present a very detailed and complete 

formulation of the topics considered, it certainly does not represent a comprehensive 

study of the various techniques and numerical methods that can be used. Several 

opportunities of future research may include: 

1) Implement different coaxial and microstrip feed models. Simpler feed models 

could reduce the computational time used for the FDTD calculations. Include the 

FDTD scattered-field formulation. Investigate non-orthogonal grids and non­

uniform meshing. Implement the Anisotropic PML. Include dispersive and non­

isotropic electric and magnetic materials. 

2) Investigate Massive Parallel Processing Algorithms that can be used in the 

solution of time-stepping finite-difference techniques. This is a very promising 

arena that can reduce drastically the time used for the simulations. 

3) Integrate existing CAD file formats to the FDTD program. This endeavor will be 

the key to model very complex and large structures. 

180 



This in no way represents a complete list of the possible research topics that can 

be derived from the work presented in this dissertation. However, it does provide some 

ideas concerning important future contributions that would be useful for phased array 

antennas analysis and numerical techniques for electromagnetic computations. 
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9. APPENDIX 
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Appendix A. Radiation Characteristics 

Once the radiation pattern is obtained, all the radiation characteristics can be 

obtained using the standard relations for antennas. The total electric field is obtained from 

the complex-valued £9 and E~ components [2] 

(A.1) 

The radiation intensity is obtained from the total field, and in the far field it can be 

approximated as 

(A.2) 

The total radiated power can be calculated from the knowledge of the radiation 

intensity, 

prad = r r U(8 ,~) sin8d8d~ (A.3) 

The directivity is obtained from the maximum radiation intensity and the radiated 

power 
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D = 4rcU111ax 
0 

prad 

(A.4) 

The total input power to an N-element array can be obtained assuming V = 1 volt 

is being fed into the port and Z
0 

= 50 ohms reference at the port, 

(A.5) 

The definition of radiation efficiency does not include losses arising from 

impedance and polarization mismatches. It includes only conduction and dielectric losses, 

and it is represented by ecd. The radiation efficiency is the ratio of the total power 

radiated by the antenna to the total power accepted by the antenna at its input terminals 

during radiation therefore [84] 

e _ prad = prad 
cd - p p p 

rad + loss in 

(A.6) 

In the above equation, the term P,oss represents the surface wave, dielectric and conductor 

losses. The gain can be obtained from 

G(8 ,$) = 4rc U(S,$) 
·P;/1 
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and the maximum gain can be obtained from the above equation or from the following 

relations, 

u 
G = e D = 4rr ___!!_!E!_ 

o cd o p 
/fl 

The maximum effective aperture is dependent on the polarization loss, the 

radiation efficiency and the mismatch loss, 

where the mismatch loss is obtained from 1 -jr;:,' j2 . The polarization loss factor 

(A.8) 

(A.9) 

Ir\. · p cJ is valid for any kind of polarization. A circular polarization loss factor can be 

defined as the loss that the antenna would have as a response to an incident circularly 

polarized wave on the antenna. It will be close to O dB for circularly polarized antennas 

and approximately -3 dB for linearly polarized antennas. This kind of loss can be 

obtained considering the unit vectors of the polarization of the incident wave and the 

polarization of the antenna 
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A E
0 

aa = IEal 
(A.I 0) 

Ea= ~ERi + IEJ~zx ± J~ERI-IELI}\ 
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Appendix B. Co-polarization, Cross-polarization and Axial Ratio 

From the IEEE Standard definition, cross-polarization is defined as the 

polarization orthogonal to a reference polarization. The polarization is observed along the 

direction of propagation. If the polarization obeys the right hand rule for wave 

propagation, this type of wave is referred as right-hand; otherwise, it is referred as left­

hand. If we define the reference and the cross-polarization to be what one measures when 

radiation patterns are measured, we can define the unit vectors a ref and across such that 

E(8 ,~)·a ref is the reference polarization component of E and £(8 ,~)·across is the 

cross polarization component of E. 

Therefore the measured pattern is given by [85] 

M (8) = E(8 ,~)·(sin pa0 + cos pa~) (B.1) 

where £(8 ~) is the field of the transmitting antenna, ~ is the pattern-cut angle and Pis 

the probe polarization angle of the reference antenna; ~ and P are fixed for a given 

pattern. 

If the reference antenna is polarized in the a.r direction (vertical polarization) at 

8 = O this alignment procedure leads to P = ~ for the reference polarization pattern 

E and R. = ,h + 90° for the cross polarized pattern E I in the above equation for 
co pol I-' 't' xpo 

M(8). 
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If the reference antenna is polarized in the ax direction (horizontal polarization) at 

8 = 0, this alignment procedure leads to ~ = ~ + 90° for the reference polarization 

pattern Ecopot and ~ = ~ for the cross polarized pattern Expot in the above equation for 

M(8). 

The cross polarization level is defined as the ratio of the maximum magnitude of 

Ecopot to the maximum magnitude of Expot in a specified plane (pattern-cut angle). 

C l 
IEcopol l,,,m 

ross- po = 
IErpo/l 

. max q> = fixed 

(B.2) 

Let the expression of a general plane wave propagating in a specified direction 

take the form 

(B.3) 

The following expressions can be used to determine the co-polarization and cross-

polarization patterns from £(8 ,~) 

E_; = Ee (8 ,~) cos~ - Eit> (8 ,~) sin~ 

E_; = Ee (8 ,~) sin~ - Eit> (8 ,~) cos~ 
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Any plane wave of the form given in equation (B.3) can be decomposed into the 

sum of a right-hand circularly polarized (RHCP) and a left-hand circularly polarized 

(LHCP) wave, 

E = RHCP + LHCP 

RHCP = E . (ax - Ja _v J 
ngh1 fl 

LHCP = E (ax+ Jay J 
lefl fl 

E,;,,,, = ~ (E; + JE;,) 

E,,ft = ~ (E; - JE;,) 

(B.5a) 

(B.5b) 

When a wave is circularly polarized, it does not make sense to use the cross 

polarization level. Instead the axial ratio AR is used. The axial ratio relates the major axis 

to the minor axis of the polarization ellipse. The axial ratio is positive for left-hand 

polarization and negative for right-hand polarization. It can be obtained in our case as 

follows, 
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AR=_ !£right I+ 1£/eftl 
1£ right I - 1£/eft I 

ARdB = 20 log(!AR!) 

1 ~!ARI~ 00 
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