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ABSTRACT

Metamaterial-Inspired Frequency-Selective Surfaces

by

Farhad Bayatpur

Chair: Kamal Sarabandi

This dissertation presents a new approach to designing spatial filters (frequency-selective

surfaces) having extensive applications in communications and radar systems. Unlike conven-

tional surfaces composed of resonance-length elements, the new structures use sub-wavelength

elements, and therefore, operate in TEM mode. Consequently, their frequency response is

harmonic-free up to a frequency where their elements’ dimensions become comparable with

the wavelength, λ. Hence, their behavior is well described through quasi-static circuit mod-

els. These surfaces, which will be referred to as miniaturized-element surfaces, are easily

synthesized since filter theory and circuit simulators can be utilized in their design process.

The small dimensions of the elements of the surface and its TEM mode of operation decrease

the surface sensitivity to the incidence angle of the excitation (plane-wave). This allows the

application of such surfaces in conjunction with phased-arrays and their placement in close

proximity (< λ/10) to an antenna. These surfaces can also operate properly with smaller

panel dimensions.

The theory of the new surfaces is introduced in Chapter 3 where a surface consisting of an

array of λ/12-long elements is presented. The transmission response of this surface includes a

passband and a transmission zero. For this design, the first harmonic is located at a frequency

six times higher than the operation frequency. Using varactors, frequency tuning of nearly an

octave is shown. Chapter 4 presents multipole spatial filters. Through an accurate circuit



model, dual-bandpass and maximally flat filters that are λ/240 thick are demonstrated.

Chapter 5 introduces a reconfigurable surface that produces a frequency response with two

operation modes: bandstop and bandpass. In addition, using varactors, the center frequency

and the bandwidth are tuned independently. The discussion on tunability is continued

in Chapter 6 which introduces another varactor-tuned structure that operates, similar to

the previous designs, without additional biasing circuitry for the varactors. However, this

structure is immune to single point failure as it uses a parallel biasing method. Finally,

Chapter 7 demonstrates a λ/10-thick, coupled filter-antenna array to achieve a high-order

filtering for beamforming systems. This design eliminates the need for integrating bulky RF

filters required in the receive chain of each element of the system.
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CHAPTER 1

Introduction

1.1 Overview

The purpose of this research is to develop new microwave, spatial filters for communica-

tion and radar systems that can provide improved functionality and performance. Spatial

filters, or frequency-selective surfaces, are formed by periodic arrays of usually metallic el-

ements on a dielectric substrate. Once exposed to the electromagnetic radiation, such sur-

faces generate a scattered wave with a prescribed frequency response. Currently, frequency-

selective surfaces are in use as radomes for antennas and controlling their radar cross-section.

The complexity in the design of existing frequency-selective surfaces and their required size

and sensitivity to the angle of incidence limit their functionality, thus showing the demand

for improving their characteristics. Specific characteristics that we have focused on in this

research are the low dependence of the frequency-selective surface on the incidence angle of

the exciting wave, the low harmonic content of the frequency response, the ability to operate

in a close proximity to a radiation source. In addition, we require these surfaces operability

with small dimensions of the frequency-selective surface panel compared to the wavelength.

In this chapter, an overview of traditional methods in frequency-selective surface design

compared with the new approach is provided, demonstrating performance superior to that

of traditional frequency-selective surface allowed in the new method.

A comprehensive study of the previous methods in design of frequency-selective surface

revealed that in general they obey a fundamental constraint on the length of elements of

1



the surface; the dimensions of the elements must be about half of the electromagnetic wave-

length at the frequency of operation. On the other hand, one can intuitively deduce hat a

smaller periodicity in a periodic array leads to less variability in the induced electric current

distribution, which in turn results in a frequency response less sensitivity to the incidence

angle. With this background, design of the new frequency-selective surface was started with

the goal of producing an inherent frequency selectivity in the surface.

Using sub-wavelength elements, the proposed surfaces produce excellent filtering charac-

teristics. The most unique feature of the proposed approach is its ability to localize frequency

selectivity. This feature introduces frequency-selective surfaces with high-order frequency

responses that have very low sensitivities with respect to the incidence angle. In addition,

these spatial filters can perform properly even at a close distance of about a tenth of the

wavelength to an antenna. The localized characteristic also implies that the new surfaces,

unlike traditional designs, can take up a small area in comparison to the wavelength and

still maintain their frequency-selective properties. Moreover, the frequency responses of the

new frequency-selective surfaces are independent of structurally-based resonances given the

small size of the elements over the band of operation. This creates harmonic-free surfaces.

Throughout this dissertation, both physical and numerical interpretations of the spectral

behavior of the new frequency-selective surface structures are provided. Physical insight into

the operation mechanism is the key to further improvements and allows for the creation of

more complex surfaces with desired frequency responses.

1.2 Background

Filters play a fundamental role in almost electronic or RF circuit. Once being incor-

porated into a design, the filter acts as a device that controls the frequency content of the

signal for mitigating noise and unwanted interference. Filters are categorized, based on their

function, into three major groups: lowpass, bandpass, and highpass filters. A lowpass filter,

for example, allows for the lower frequencies to pass through the circuitry and blocks higher

frequencies.

Frequency-selective surface (or dichroic) structures to space waves are the counterparts
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Figure 1.1: Radomes at the Cryptologic Operations Center, Misawa, Japan (photo courtesy
of en. Wikipedia).

of filters in transmission lines. Once exposed to the electromagnetic radiation, a frequency-

selective surface (FSS) acts like a spatial filter; some frequency bands are transmitted and

some are reflected. In a way, an FSS can be a cover for hiding communication facilities.

This is probably the first potential application of FSS structures, as they have actually been

used as covers named radomes. Radomes are bandpass FSS filters that are used to reduce

the radar cross-section (RCS) of an antenna system outside its frequency band of operation.

Fig. 1.1 shows the radomes at the Cryptologic Operation Center in Japan.

Since the early 1960’s, because of potential military applications, FSS structures have

been the subject of intensive study [1–3]. Marconi and Franklin, however, are believed, [1],

to be the early pioneers in this area for their contribution of a parabolic reflector made using

half-wavelength wire sections in 1919 [4]. FSSs as frequency-selective materials have been

used traditionally in stealth technology for reducing the RCS of communications systems.
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The concept of stealth or being able to operate without the knowledge of the enemy has

always been a goal of military technology (see Fig. 1.2). In order to minimize the detection,

FSS layers cover the facilities to reduce the RCS.

Figure 1.2: Stealth attack plane (photo courtesy of en. Wikipedia).

FSSs most commonly take the form of planar, periodic metal-dielectric arrays in two-

dimensional space. Frequency behavior of an FSS is entirely determined by the geometry of

the surface in one period (unit cell) provided that the surface size is infinite. A periodic array

of patch elements is shown in Fig. 1.3. This array is shown to have a capacitive frequency

characteristic.

Although taking different shapes, conventional FSSs have similar operation mechanisms

that can be explained by the phenomenon of resonance. Consider an array of elements on a
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Figure 1.3: Two-dimensional periodic array of patch elements.

planar surface. Upon contact with a plane-wave, the elements of the periodic surface resonate

at frequencies where the effective length of the elements is a multiple of the resonance length,

λ/2 [2,12]. Corresponding to the phase front of the wave, these elements have a certain phase

delay. As a result, the scattered radiations of individual elements add up coherently. An

example of such arrangement of elements is Marconi and Franklin’s reflector. This reflector

is very much similar to the most famous FSS design, an array of half-wave dipoles. A large

reflector antenna constructed using wire-grids is shown in Fig. 1.4.

The resonance characteristics of a resonance-length based FSS usually depend on the

way the surface is exposed to the electromagnetic wave. This includes the effective aperture

size of the FSS and the incidence angle of the wave. The dependence of the FSS frequency

response with respect to these factors could be a major drawback for some applications. As a

result, over the years new ideas have been sought to overcome the issue of the dependence on

the size and angle. Besides the two major problems mentioned above, harmonics are another

effect that influence the performance of an FSS. The situation becomes more involved given

that the harmonics of the intended frequency are themselves dependent upon the incidence

angle.

A new approach in design of FSS is introduced in this thesis which achieves an inherent

frequency-selective characteristic in the surface [38]. In a way, the constitutive parameters

of the surface are manipulated such that the material itself shows selectivity. Such manipu-
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Figure 1.4: Reflector antenna for sattelite communications- The reflector dish is made up of
wire sections or dipoles (photo courtesy of en. Wikipedia).

lations are possible in sub-wavelength regime where the elements of the FSS are on the order

of λ/10 or smaller in dimension. In other words, this dissertation takes an approach in which

special, artificial materials are designed which are used as thin-layer frequency-selective sur-

faces. It will be shown that the very small size of the inclusions (FSS elements) on the

surface makes it possible to describe the behavior of the FSS using a quasi-static analysis

in which the electric and magnetic fields are assumed to be uniform over the elements. The

result of this analysis offers useful insight into the physics of the structure, which will be

formulated through an equivalent circuit model representing the FSS.
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This violation of the old rule of thumb in FSS design, i.e. using resonant length ele-

ments (λ/2), features interesting behaviors. Unique feature of the new design is its localized

frequency-selective property, as mentioned above, which results in suppression of harmonics

of the intended frequency response. Moreover, by designing the unit cell appropriately, very

thin FSS layers with high-order frequency responses and a very low sensitivity with respect

to the incidence angle of the wave are achieved.

Characteristics of an FSS made up of an array of elements depend upon many design

parameters including the shape of the elements and their lattice geometry. In an introductory

fashion, these parameters are presented in the following.

1.3 Elements of Design in Traditional Frequency-

Selective Surfaces

As mentioned previously, FSS structures are periodic arrays of special elements printed

on a substrate. For numerical analysis, such arrays are assumed to be infinite in dimension

as FSSs usually consist of many elements. The infinite array approximation reduces the

whole problem of analysis to calculating the frequency response of a single element in the

array given the periodic nature of the FSSs. A brief overview of the available FSS elements

is provided in this section.

1.3.1 Element Geometries

In general, the FSS structures can be categorized into two major groups: patch-type ele-

ments and aperture-type elements. As an introduction to FSS structures two complementary

planar arrays, array of patches and array of slots, are usually considered. A simple structure

consisting of periodic array of metallic patches (Fig. 1.5) has been shown to have a low-

pass characteristic [12–14]. Once hit by a plane-wave, this surface transmits low-frequency

content of the wave and reflects the higher frequencies. Another observation is to consider

such an array as a capacitive surface given its frequency response provided in Fig. 1.5. The

complementary structure (see Fig. 1.5) has an inductive response, hence acting as a highpass
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Figure 1.5: Periodic structures comprising of complimentary elements, patches and slots
(wire-grid), and their surface impedance- The patch-array produces a capacitive response,
whereas the array of slots is inductive [2].

filter. As it will be discussed later, inductive and capacitive surfaces can be put together to

produce a desired filter response.

Over the years, a variety of FSS elements were introduced for bandpass and bandstop

applications. A complete list of these elements is collected in [1–3]. This list includes an

array of the following: circular shapes [14, 15, 36]; metallic plates such as rectangles and

dipoles [16, 17, 19, 20], cross-poles, tripoles, and Jerusalem cross [21–25, 39, 40, 52]; three- or

four-legged dipoles [26]; rings [27–29,44]; square loops [30–34]; and gridded square loops [32,

35]; etc. (see Fig. 1.6).

Depending on the application requirements, different FSS designs can be chosen to fulfill
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the demands. These requirements usually include level of dependence on the incidence angle

of the incoming wave; level of cross-polarization; bandwidth; and level of band separation.

A comparison between some of the most famous FSS designs is provided in Table. 1.1 based

on the above criteria [2]. As shown, for instance, the dipole array is very sensitive to the

angle.

Figure 1.6: A variety of FSS elements over past decades.

1.3.2 Element Dimensions

As mentioned above, FSSs are traditionally designed based on the resonant elements. A

planar array of strip dipoles, for example, produces a frequency response consisting of multi-

ple notches at frequencies where the length of the dipoles is a multiple of half a wavelength.

A similar effect can explain the operation of other elements. The square loop element, for

example, can be imagined as two dipoles that are connected to one another at each end.

Using the same argument as that of the dipole, a loop resonates when the length of the two

sides equals the length of a resonant dipole, λ/2. In other words, each side of the loop is
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Table 1.1: Comparison Between the Performance of the Common FSS Elements [2]

Element Angle

independence

Cross-polarization

level

Larger

bandwidth 

Smaller band 

separation

Loaded dipole 

Jerusalem cross 

Rings

Tripole

Crossed dipole 

Square loop 

Dipole

1

2

1

3

3

1

4

2

3

2

3

3

1

1

1

2

1

3

3

1

4

1

2

1

2

3

1

1

about λ/4.

Although the shape of the elements has the utmost importance effect in the frequency

response, the way these elements are arranged in the array format is also part of the design

work. Moreover, the response also depends on the characteristics of the substrate used. This

in fact becomes very important as we will present a square loop element whose sides are

as small as λ/12 [38]. This is where the miniaturized-element FSS design comes to picture.

Elements that are much smaller than the wavelength are designed to create capacitive gaps

and inductive traces. By thinning and miniaturizing the unit cell, capacitive junctions in

the form of shunt or series capacitors are achieved. Inductive traces are also held very close

to one another to produce a larger inductive effect as a result of mutual magnetic coupling.

1.4 Applications of Frequency-Selective Surfaces

Originally introduced as spatial filters, FSS structures have been employed in a variety

of other applications. As mentioned earlier, radomes are types of bandpass FSSs that are

used in conjunction with an antenna system to reduce the RCS of the antenna outside its

frequency band of operation. FSSs have been considered in design of multi-frequency reflector

antennas, [39,40,43,48], for science investigations and data communication links. A proposed

single high-gain antenna along with an FSS subreflector is illustrated in Fig. 1.7, [49]. This
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arrangement allows a Cassegrain configuration at X- (7.2 and 8.4 GHz) and Ka- (32 and 34.5

GHz) bands and a prime focus configuration at S- (2.3 GHz) and Ku- (13.8 GHz) bands.

Figure 1.7: Proposed Cassini high-gain antenna (HGA) with a four-frequency FSS [49].

Having reflective charactersitics with a certain phase and amplitude, frequency-selective

surfaces can be used in design of reactive impedance surfaces [50]. This idea, which was

shown experimentally in [53] for phase shifting, opens a whole new area of research, in addi-

tion to frequency filtering, in which FSS structures are utilized to produce a desired reactive

response. FSS structures have been used in design of artificial magnetic conductors (AMC)

(or high-impedance surfaces) and electromagnetic bandgap (EBG) materials. Bearing par-

ticular reactive behaviors, these engineered structures are constructed based on FSS in a

straightforward fashion provided below.

A famous example of AMC structures is the Sievenpiper’s high-impedance surface pre-

sented in a systematic fashion in [58]. This AMC was used as a ground plane for antenna

applications in order to suppress the surface waves inside the substrate. Unlike an electric

conductor, which allows for flow of the electric current, a magnetic conductor cannot sup-

port any electric current, which in turn bans the propagation of surface waves inside the

substrate. Sievenpiper’s surface is shown in Fig. 1.8, which is basically a circuit-board com-
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prising an array of metal protrusions (so-called mushroom elements) on a metallic layer in a

2-D periodic fashion. This architecture, for a wave propagating along the surface, acts like

a transmission line with a forbidden frequency band (bandgap). The bandgap frequency of

this transmission line is designed so that the surface waves are trapped in the bandgap. As

a result, the substrate no longer supports the surface waves. Reducing the undesired waves

in the substrate, high-impedance surfaces have been employed in construction of antennas

to improve the performance [59].

Figure 1.8: Cross-section (top) and the top view (bottom) of Sievenpiper’s high-impedance
surface [58]

An AMC in a way can be observed as a surface with a large surface impedance. Ideally,
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for a plane-wave incident upon the surface, the transverse wave impedance at the AMC

surface is infinite. The transverse impedance is defined as the ratio of the transverse electric

field over the transverse magnetic field, Et/Ht. An infinite impedance here corresponds to

Ht ≈ 0, meaning that the surface cannot bear a tangential magnetic field and hence the name

magnetic conductor. This is analogous to an electric conductor which shorts the electric field.

An easy way of explaining this effect is based on the transmission line theory. Through a

λ/4 impedance inverter, a short impedance is transformed to an open impedance. This basic

idea is actually used in design of corrugated surfaces behaving as an open circuit in terms of

wave impedance [60,61]. A corrugated, reactive surface is illustrated in Fig. 1.9.

Figure 1.9: A corrugated surface acting as an artificial magnetic conductor (AMC)- The
zero impedance of the ground-plane is transformed into an open impedance through the
quarter-wave corrugations acting as transmission line stubs.

The problem with the AMC provided in Fig. 1.9 is apparently the overall large thickness

of the surface which is λ/4. Layers of FSS can be used to resolve this issue. An FSS can be

designed to produce the required phase shift (λ/4) for the impedance transformation. The

advantage of this method is that the FSS can be very thin, thus eliminating the issue of

13



height. This way, a thinner AMC is built because the FSS layer produces a steeper phase

characteristic along a very thin layer. Apart from AMC, antenna technology can benefit

from special types of ground planes designed to couple appropriately with the antenna in

order to enhance the performance. In [74], for example, an FSS ground plane is used to

increase the bandwidth.

Another area of interest is the application of FSS as a superstrate over the printed

antennas to improve their radiation chracteristics. The problem of enhancing the gain of

printed circuit antennas has been extensively studied by Jackson and Alexpoulos [65,66]. A

stack of electric and magnetic superstrate layers once arranged and chosen properly is shown

Figure 1.10: Modern architecture- Glass is considered as an inevitable material in modern
architecture (photo courtesy of XoaS Design)
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to behave like a lens on top of the antenna that bends the rays emanating from the antenna

and incident upon the interface of the substrate and the stack of the superstrates according

to Snell’s law. A transmission line modeling of the multiple layers can be used to find the

proper values for the parameters of the layers to achieve the highest gain [67]. FSS, as a

reactive surface, has been used in design of superstrates. In [73], an FSS is placed on top of

a patch antenna to increase the directivity.

The applications introduced above are rather technical and far away from the real life

scenarios. Recently, metal-glass sheets, that are optically transparent but are selective at

lower frequencies, have found applications in modern architecture. This introduces a new

approach in designing a secure indoor communication network given that glass plays an

important role in modern styles of construction nowadays [75,76]. A glass building is shown

in Fig. 1.10.

Such glasses are now commercialized; for example, Nippon is one of the manufacturers in

this area [77]. They design a shield film for windows that can shield the desired frequency,

which could be either 2.45 GHz for wireless local area network (LAN) applications or 1.9

GHz for Personal Hand-Phone System (PHS) applications. In this research, the challenge

is probably finding the proper materials. A variety of opaque materials need to be tested.

The choice of material is influenced by two factors: 1) the conductivity of material, which

significantly affects FSS performance, and 2) the width of the material, which affects both

the resistance of the FSS element and the optical transparency. Silver paint is a potential

material that has been used in practice.

1.5 Applications of Miniaturized-Element Frequency-

Selective Surfaces

Recently, there has been an interest in design of frequency selective surfaces with unit cell

dimensions much smaller than a wavelength. In traditional designs, the frequency-selective

properties result from mutual interactions of the elements. Therefore, to observe a desired

frequency selective behavior, a large number of unit cells must be present. Consequently,
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the overall size of the surface is electrically large. On the other hand, for some applications

where a low sensitivity with respect to the incidence angle of the exciting wave is required

or in cases where a uniform phase front is difficult to establish, the screen size needs to

be small. To address this problem, miniaturized-element frequency-selective surfaces were

proposed. The first generation of such surfaces appeared in [37] which was followed by the

second generation, introduced in [38], showing a remarkable improvement and enhanced

performance.

After introducing the new FSS structures in this dissertation, a few potential applications

for such thin-layer FSS structures are discussed. Being made out of very thin substrates,

the new FSSs are used as building-blocks of higher-order spatial filters that are made by

cascading single-layer FSS layers. Moreover, given the spacial shape of their unit cells, the

new surfaces can be loaded with the surface-mount varactor diodes to achieve tunable filter

characteristics. The proposed FSS structures enable implementation of higher-order spatial

filters over low-profile, conformal antenna arrays.

A super-thin FSS-antenna structure will be presented using a planar antenna covered

with a layer of FSS. This FSS-antenna can be utilized to reduce the complexity associated

with the vertical integration of beamforming arrays. In addition to improving the antenna

performance (selectivity), this method allows for eliminating the bandpass filter needed in

the receive path of each antenna element in the beamformer. The latter is important since

in steering array designs thousands of such lumped filter components are required. The ad-

vantage of using the new surfaces, as opposed to conventional superstrates or FSSs, is that

such surfaces can be positioned at a close distance (< λ/10) to the antenna. Ordinary super-

strates are placed over the antennas through a half-wave spacer. Although being very close

to the antenna, the miniaturized FSS structures have a very minor effect on the radiation

performance of the antenna. This way, the new achievement is the practical demonstration

of thin-layer FSS-antenna structures.
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1.6 Chapter Outline

1.6.1 Chapter 1: Introduction

In Chapter 1, the motivations and goals of this research are first presented. Next, a

brief overview of the past work done in the area of frequency-selective surfaces is provided.

Following the introduction section, this dissertation first performs a more comprehensive

overview on the available FSS designs, including a discussion for each case to study the

design in more detail. After this overview, the new approach, miniaturized-element FSS,

is presented. Next, available analysis methods, including common numerical methods and

modeling tools, are presented. Finally, the comprehensive section will discuss applications

of the FSS structures, including those of the new, state-of-the-art design. These sections are

listed below.

1.6.2 Chapter 2: Traditional Frequency-Selective Surfaces:

Design, Characterization, and Applications

Frequency-selective surface structures, with resonant unit cells, have been investigated

over the years for a variety of applications. As a result of research on the applications

mentioned earlier, the behavior of frequency selective surfaces is well understood. In this

chapter, a number of FSS elements provided in the literature are introduced.

Numerical analyses of FSS problems are done using various techniques [14, 19, 23, 29, 36,

78, 84]. In the simulation setup, the FSS is treated as an infinite periodic structure, thus

reducing the problem size to a single unit cell. The formulation is based on constructing

an integral equation for the unit cell. Then the formulation is modified given the periodic

arrangement of the cells. Floquet’s theorem is applied to the formulation such that the

continuous convolution integral is converted to an infinite summation with each summand

being a product of the spectral Green’s function and the spectral equivalent surface current.

Transmission and reflection characteristics of FSS screens can be measured through a few

methods [78]. A common measurement setup consists of two standard horn antennas and

a vector network analyzer (VNA). The tests are performed in an anechoic chamber which
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simulates a free-space environment. This will be discussed in more detail.

1.6.3 Chapter 3: Metamaterial-Based Miniaturized-Element

Frequency-Selective Surfaces

A new design methodology of FSS structures utilizing elements, that are as small as

λ/12 in dimension, is presented in this chapter. Unique features of the new design include

localized frequency selective properties, high-order frequency response achieved by a single

substrate, lack of passband harmonics in the frequency response, and very low frequency

response sensitivity to the incidence angle. High-order frequency response is accomplished

through the application of a thin substrate that allows considerable couplings between the

elements on the two sides of the substrate. The coupling between the layers in conjunction

with each layer characteristics is designed to produce a high-Q, bandpass frequency response,

in addition to one or more transmission zeros.

Equivalent circuit modeling of FSS structures is used commonly for a qualitative descrip-

tion of frequency-selective surfaces [24,52]. Using a quasi-static approach, the elements of the

periodic array are modeled as inductive and capacitive components loading a transmission

line segment. Another approach for modeling, [21], uses antenna array theory and proper

modeling of mutual impedance of the FSS elements. Circuit modeling, however, is accurate

up to the first order as the circuit ignores higher order Floquet modes. Harmonics of the first

resonance are therefore missing in the circuit response. Although not accurate, the circuit

model approach is intuitive and gives a physical insight into the behavior of an FSS which

is important from a design-level point of view.

1.6.4 Chapter 4: Multipole Miniaturized-Element Frequency-

Selective Surfaces

Super-thin, multipole frequency-selective surfaces based on the elements of the minia-

turized approach are presented in this chapter. New miniaturized elements are developed

to achieve a low thickness and an improved functionality. First, design of a very thin-

layer modified miniaturized FSS producing a single-pole bandpass response in addition to
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a transmission zero is presented. The modified design is a single-sided circuit-board with a

particular unit cell. Next, using similar metallic pattern on the other side of the substrate,

a dual-bandpass frequency response is produced. This response is achieved by choosing

proper dimensions for the loops and wire of each layer and by appropriately positioning the

layers with respect to each other. To establish a benchmark, dual-pole FSSs are created

using the conventional method of cascading single-pole FSSs. The single-pole FSS, designed

in Chapter 3, is used here as the layers of the benchmark dual-pole FSSs. The proposed

dual-bandpass FSS has a thickness of λ/240 which is six times thinner than the benchmark

FSSs.

1.6.5 Chapter 5: Fully Reconfigurable Miniaturized-Element

Frequency-Selective Surfaces

A feature of interest in design of FSS structures is the ability to electronically tune

the frequency response of these structures. In this chapter another miniaturized FSS is

presented whose bandpass frequency response is not only tunable but also transformable

from bandpass to bandstop and vice versa. This varactor-tuned surface shows a wide tuning

range over a practical capacitance range which is tested and verified through measurements

in a waveguide, using lumped capacitors. This chapter establishes the fundamentals of the

reconfigurable design and closes with a thorough, practical procedure for fabrication of the

actual varactor-loaded surface for operation in a free-space environment.

1.6.6 Chapter 6: An Electronically Tunable Miniaturized-Element

Frequency-Selective Surface without Bias Network

In this chapter, the tunability of FSS is discussed as a practical issue. Potential methods

of tuning of the new FSS are studied. A practical varactor-tuned FSS will be presented

which uses its own metallic traces for biasing the varactors, the main challenge in the tuning.

This way no external bias circuitry is required. In [85–93], frequency tunability has been

accomplished by altering the substrate constitutive parameters. Other methods include

either changing the structure geometry using RF-MEMS technology [96,97], or manipulating
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the reactive characteristics of the layers of the FSS by incorporating tuning elements into

the layers’ design [102–104,106,107].

The purpose of this chapter is to demonstrate a new architecture that can conveniently be

implemented with varactors. This miniaturized-element FSS consists of two wire layers along

with connecting via sections built on a very thin substrate. The design exhibits a bandpass

characteristic which can be tuned using varactors mounted on one side of the substrate.

1.6.7 Chapter 7: A Super-Thin, Metamaterial-Based FSS-Antenna

Array for Scanned Array Applications

The discussion on the applications of FSS continues in this chapter. The discussion fo-

cuses on the application of FSS as antenna superstrates and starts with a more involved

overview on the past designs. Next, potential applications that are tightly dependent on

the new features provided by the miniaturized-element FSSs are presented. Finally, an FSS-

antenna array will be presented with an extremely low profile. In this array, the FSS is

intended to perform frequency filtering over an array of patch antennas. The new achieve-

ment is a new filter-antenna that is only λ/10 thick.

1.6.8 Chapter 8: Conclusion

In this chapter, a summary of important elements of this dissertation are provided. This,

followed by a discussion on the future potentials, concludes the dissertation.
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CHAPTER 2

Traditional Frequency-Selective Surfaces:

Design, Characterization, and Applications

Periodic structures, or arrangements of equally spaced, identical elements, have been of

interest in many areas of physics and engineering. Although being very old from mathe-

matical stand view, periodic structures have also a long history of development from more

practical perspectives. In fact, these arrangements were considered in an engineering design

problem over 200 years ago by the physicist David Rittenhouse [14]. He invented a grating

with equally-spaced hairs [11]. A periodic structure can be optimized for a particular appli-

cation which requires certain characteristics. This process includes designing the elements

as well as the way they are placed in the periodic array.

2.1 Chapter Introduction

A frequency-selective surface (FSS) is a periodic, planar assembly of generally metallic

elements on a dielectric layer. It is built in conjunction with the electromagnetic waves in

order to “tailor” an electromagnetic link in the free-space environment. Acting as a barrier

for the waves propagating along the link, the FSS controls the flow of the electromagnetic

energy. The transfer function of the FSS manipulates the spectral content of the wave. As a

result, some of the frequency constituents of the wave are blocked, and some pass through the

FSS fence. In another perspective, an FSS is analogous to a filter in circuit theory. For their

filtering effects, FSS structures are also called spatial filters in electromagnetic engineering.
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There are many examples in real world which clearly confirm the importance of having

knowledge about periodic structures. Consider a reflective surface which is to be built by

least amount of metallization at a given frequency. Intuitively, the fist observation is that the

less the metal is, the weaker the reflection becomes. Now, consider two possibilities: using

an array of long strips or an array of short dipoles. Having a larger metalized area, the long

strip is expected to produce a stronger reflection, according to our very first observation.

Rigorous analysis of the two candidates, however, reveals that the dipole array can actually

produce a total reflectivity at a certain frequency, whereas the array of strips never becomes

totally reflective. This problem, which was studied by Marconi and Franklin when they

proposed their reflector antenna [4], can be explained through modeling the two arrays using

circuit theory. This is shown in Fig. 2.1 where the model for the array of long strips is just an

inductor, while the array of dipoles is an L−C circuit. The dipole array, therefore, becomes

Figure 2.1: A periodic array of infinitely long metallic strips (top) produces an inductive
characteristic, whereas an infinite array of closely-spaced dipoles (bottom) produces a notch
frequency behavior which in turn results in a total reflectivity at the resonance frequency
of the notch. In this way, although the dipole array uses less metallic area, it produces a
complete reflective state [1].
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total reflective at the frequency of resonance of the L− C circuit.

Following the brief discussions highlighted in Chapter 1, this chapter overviews some of

the past, famous FSS structures, including the physical interpretation of their operation.

The overview section is followed by a discussion on the methods of characterization and

modeling of FSS. Finally, later in this chapter, a more detailed overview on the applications

of FSS is presented.

2.2 Overview of the Elements of Traditional Frequency-

Selective Surfaces

The operation mechanism of traditional FSSs, as mentioned in Chapter 1, is based on

the resonant elements. Simply, the idea is that a plane-wave illuminates an array of metallic

elements, thus exciting electric current on the elements. The amplitude of the generated

current depends on the strength of the coupling of energy between the wave and the elements.

The coupling reaches its highest level at the fundamental frequency where the length of

elements is a λ/2. As a result, the elements are shaped so that they are resonant near

the frequency of operation. Depending on its distribution, the current itself acts as an

electromagnetic source, thus producing a scattered field. The scattered field added to the

incident field constitutes the total field in the space surrounding the FSS. By controlling the

scattered field (designing elements), therefore, the required filter response is produced which

can be seen in the spectrum of the total field. As mentioned above, the distribution of the

current on the elements determines the frequency behavior of the FSS. The current itself

depends on the shape of the elements.

Given the dependence of the traditional FSS on the length, excitation of the higher-order

modes, in addition to the first fundamental mode, becomes inevitable. As a result, the

frequency response of the traditional FSS usually has a high harmonic content. The first

and the second possible modes are shown in Fig. 2.2. The issue of harmonics not only affects

the frequency characteristics of the FSS but also degrades its scan performance because some

of the harmonics may be excited only when the incidence angle changes from normal to the
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Figure 2.2: The first and the second resonant modes- (top) shows the fundamental mode
(frequency ff ) which is excited for any element shape irrespective os the incidence angle.
(bottom) shows the first odd mode at about 2ff which may be excited only at oblique inci-
dence. The frequency of this mode may change slightly depending on the element shape [1].

FSS plane.

Although the geometry of the elements has a critical influence on the filtering behavior,

there are other parameters that can affect the frequency response. This could be the choice

of the parameters of the substrate supporting the elements of the FSS and also its inter-

element spacing. The substrate is shown to affect both the frequency of operation and the

bandwidth of the response. The spacing between the elements, on the other hand, points out

the issue of the grating lobe which is inherent in any array radiator; the larger the spacing,

the earlier the onset of the grating lobes. As a result, a smaller inter-element spacing is

usually preferred. However, the spacing can also change the bandwidth; a larger spacing in

general produces a narrower bandwidth [1].

To develop a better understanding of operation of FSS structures, a comparative study

over different types of FSS is provided here. But, first, we need to somehow categorize FSS

structures. There are a number of constraints based upon which FSSs are classified. Here,

we use Munk’s approach in classifying frequency-selective surfaces which is based on the

shape of the elements [1].

In Fig. 2.3, four major categories of FSS arrangements are demonstrated which are:

I) The center connected or N-poles, such as dipole, three-legged element, the Jerusalem cross,

and the square spiral.

II) The loop types such as the three- and four-legged loaded elements, the circular loops,
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and the square and hexagonal loops.

III) Solid interiors or plate types.

IV) Combinations.

Each class along with simulated examples are presented next. All the simulation results

belong to the book by Munk on FSS, [1], and use a substrate with dielectric constant of εr

= 2.2 with the thickness of 0.5 mm. The examples were intended for operation at 10 GHz.

The simulated results show the performance for both TE and TM polarizations at 0o and

45o.

Figure 2.3: Typical FSS Elements classified in four major groups based on their shapes [1].
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2.2.1 Class I: Center Connected or N-Pole Elements

Tripole Array

The first example of the class I of traditional FSS is an array of tripoles. As shown in the

first row of Fig. 2.3, the tripole element consists of three concentric, thin monopoles which

share a common point (the center). Although being large, the tripoles can be packed tightly

to reduce the inter-element spacing, and therefore, enhance the bandwidth. Fig. 2.4 shows

the calculated reflectivity for closely spaced tripoles in an infinite array on x− z plane. As

can be seen, the FSS plane is sandwiched between two dielectric substrates. Dx and Dz

in this figure represent the array periodicity along x̂ and ẑ directions, respectively. Other

parameters of the FSS can be found in Fig. 2.4 as well, including the gap between wires and

Figure 2.4: Tripole FSS- Simulation results for the reflection coefficient of an array of tripoles.
The design frequency is 10 GHz (picture courtesy of Munk’s book on FSS, [1]).
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the wire width. Based on the simulations, this 10-GHz FSS has its first harmonic at around

27 GHz. The results also show a moderately high dependence on the incidence angle.

Jerusalem Cross

The Jerusalem cross is one of the oldest building-blocks (see the first row in Fig. 2.3) in

design of FSS. It consists of two crossing dipoles which are loaded with small, orthogonal

sections at their ends. The simulations results shown in Fig.2.5 exhibit a total reflection

(first harmonic) at 10 GHz with a null at around 22 GHz which is followed by a second total

reflectivity at about 35 GHz (second harmonic). In comparison with the tripole array (see

Fig. 2.4), the Jerusalem FSS shows a better stability as the angle of incidence is changed

from normal to 45o, both in terms of response characteristics, i.e. bandwidth, and harmonics.

2.2.2 Class II: Loop Type Elements

Four-Legged Element

The second row of Fig. 2.3 contains the four-legged element. This element is made up

of two meandered, half-wave dipoles. The operation mechanism of this element can be

explained in a more classic fashion using the transmission line theory. The basic idea is that

a half-wave dipole can be “similar” to a shorter dipole which is loaded with a reactance,

ZL. “Similar” here refers to the overall reactive impedance of the dipoles which has to be

zero at the resonance. In other words, a reactance can compensate for the effect of the

shorter length. It can be shown that the shorter dipole at the resonance frequency of the

half-wave dipole is capacitive [6]. As a result, the load ZL must be inductive so that the total

impedance of the dipole becomes zero. To create an inductance, one just needs to short a

small piece of transmission line [6]. This idea is illustrated through a circuit analogy of the

dipole element in Fig.’s 2.6(a), (b), and (c).

In order to maintain the symmetry with respect to two orthogonal directions, the length

of the meandered dipole along the two directions, l, must be equal. This length is, therefore,

become a quarter of the dipole dimension, i.e. l = λ/8 (see Fig. 2.6(d)). This way the element

becomes polarization insensitive. The final step is to place two such dipoles side by side and
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Figure 2.5: Jerusalem Cross FSS- Simulation results for the reflection coefficient of an array
of Jerusalem crosses. The design frequency is 10 GHz (picture courtesy of Munk’s book on
FSS, [1]).

connect them. This is allowed as the corresponding end points from the individual dipoles

have the same potential once placed side by side in the array. The result (Fig. 2.6(d)) is

the the four-legged element. Fig. 2.7 shows a typical four-legged FSS simulated for different

incidence angles. Similar to previous FSSs, the four-legged FSS has a harmonic close to the

first resonance.

Hexagonal Element

This element is also shown in the second row in Fig. 2.3. Unlike previous elements,

this FSS has a better harmonic performance. A typical design for operation at X-band is

provided in Fig. 2.8. As shown, the first null in the reflection response occurs at 29 GHz,
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thus pushing the second harmonic to frequencies higher than 40 GHz. This element also

has a better scan stability. However, it should be mentioned that this particular example

(Fig. 2.8) demonstrates an FSS with a relatively poor filtering response which has a wide

bandwidth of about 25 GHz at the center frequency of 10 GHz. Apparently, achieving a

narrower bandwidth requires the first null to come to lower frequencies, thus pushing the

second harmonic down to lower frequencies close to the main resonance.

Figure 2.6: Development of the four-legged element- (a) shows a simple half-wave dipole with
impedance Zd which is shortened into a quarter-wave dipole with impedance Zd − jXd(b)
that is loaded with an inductance formed (c) using a short transmission line. Next, two such
dipoles are placed side by side (d) and finally are connected at the end points (e) [1].
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2.2.3 Class III: Plate Type Elements

The third group on the list includes plate type FSS designs which are of two forms: 1)

Array of metallic patches in the shape of a circular disk, square, rectangular, etc. 2) Array

of slots on a metallic plate in the form of circular, square, etc. Fig. 2.9 shows the two

sub-categories. The first type is usually used as reflecting arrays, whereas the second type

is often transparent. This group of elements was actually among the first FSS structures

that took attention of designers in the past. Since the patches (holes) dimensions must be

close to λ/2 in this approach, such elements usually suffer from issues of angle dependence

and early onset of grating lobes, and thus they are not too favorable for filter designs [1].

Munk closes the overview on this group of elements by quoting from Chen: “Shift of resonant

frequency and changes of bandwidth in opposite sense for the perpendicular and the parallel

polarizations as functions of incident angle limit many useful applications of this perforated

Figure 2.7: Four-Legged FSS- Simulation results for the reflection coefficient of an array of
four-legged elements. The design frequency is 10 GHz (picture courtesy of Munk’s book on
FSS, [1]).
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Figure 2.8: Hexagonal FSS- Simulation results for the reflection coefficient of an array of
hexagons. The design frequency is 10 GHz (picture courtesy of Munk’s book on FSS, [1]).

plate” [36]. As will be discussed in more detail in Chapter 3, such patch arrays can be

adapted with the new miniaturized approach in order to perform better.

2.2.4 Class IV: Combination Elements

The groups introduced above include a broad range of elements. However, any combina-

tion of the elements belonging to any of these groups can also construct a new element, and

this list is endless. These mixed elements comprise another group which Munk calls them

combinations. An example of such combinations of the elements is shown in Fig. 2.10. This

FSS is a combination of the four-legged element (Fig. 2.7) and the Jerusalem cross (Fig. 2.5).

2.2.5 Evaluation of the Classes of Frequency-Selective Surfaces

Although the ultimate application of the FSS determines the constraints of the design,

there are certain features that are typically more important than others. Having being used
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as spatial filters, FSS structures are expected to have a low dependence on the angle of

incidence. This is perhaps the most important feature of interest in any design.

In order for the resonance frequency of an FSS to be more stable while the angle changes,

a generally helpful approach is to keep the inter-element spacing small compared with the

wavelength. A large spacing creates higher levels of grating lobes, thus pushing the resonance

frequency downward with angle of incidence [1]. Given the set of examples of typical classes

of frequency-selective surfaces presented above, a general comment can be made: In terms

of angle stability, the leading group is the type II, the loop type FSSs [1]. Although the

members of this group (three- and four-legged, square and circular loops, and etc.) may look

different at first glance, their operation can be related to that of the dipole. For example, a

square loop can be viewed as two bent dipoles (right-angle). As a result, the loop resonates

when the two dipoles are at resonance, i.e. they are λ/2. This condition is satisfied when

the circumference of the loop is one wavelength, λ. In other words, meandered, half-wave

dipole is the basis for the elements of type II; however, since they can be packed in a smaller

area, they show better scan performance.

Figure 2.9: Examples of the third class of FSSs, the plate type elements [1].
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Figure 2.10: Examples of the fourth class of FSSs, the combinations elements. This FSS is
a mixture of the the four-legged element and the Jerusalem cross. The design frequency is
10 GHz (picture courtesy of Munk’s book on FSS, [1]).

2.3 Methods for Analysis and Characterization of

Frequency-Selective Surfaces

An established approach to describe a frequency-selective layer is to use the scattering

(S-) parameters [8]. An FSS structure, as a 2-D, planar array, divides the whole free-space

into two regions: 1) a half-space that includes a known electromagnetic source, and 2) the

other half of the space. In order to solve for the wave propagation everywhere in the space,

one needs to account for the effects of the FSS, i.e. the transmission of the wave through the

FSS and the reflection of the energy off the FSS plane. Given the reflection and transmission

characteristics of the FSS, on the other hand, one can fully describe the interaction of the

source and the FSS. As a result, reflectivity (S11) and transmissivity (S21) are the only
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parameters needed for characterization of an FSS given that frequency-selective surfaces are

typically reciprocal structures.

Numerical analyses of FSS problems are done using various techniques [14, 19, 23, 29, 36,

78,84]. The problem setup assumes that the FSS is a planar, doubly-periodic structure with

an infinite extent. These assumptions together with the uniformity of the excitation (a plane-

wave with a uniform amplitude profile) are used to simplify the analysis of such an infinite

size problem. Given the symmetries of the problem, the simulation domain is reduced to a

single unit cell. This simulation setup becomes complete by applying appropriate boundary

conditions around the unit cell in order to account for the symmetries of the planar, periodic

FSS. This approach is valid since all the elements of the infinite array are the same; moreover,

the excitation is the same for different elements. Depending on the direction of illumination

(incidence angle), the phase of the incident wave may vary from element to element. The

phase variations, however, are linear along the elements and can be easily included in the

boundary conditions.

An FSS problem is usually formulated based on an integral equation approach describing

the the unit cell. Next, the formulation is modified so that the effects of the periodic

arrangement of the cells (symmetry) is included in the solution. This is done by application

of the Floquet’s theorem to the formulation such that the continuous convolution integral

is converted to an infinite summation with each summand being a product of the spectral

Green’s function and the spectral equivalent surface current [2].

As mentioned above, these formulations assume that a given FSS is an infinitely large,

planar, doubly-periodic array. In practice, however, an FSS not only has finite dimensions

but also might have arbitrary, local curvatures. As a result, the symmetry assumptions are

no longer valid as the interaction (incidence angle) of the wave with the individual elements

of the surface is different. Thus, an exact analysis of such an arbitrary surface requires

finding the current distribution over the entire surface. Since the surface usually has a large

number of elements, the number of unknowns needed to formulate and the scattering problem

becomes very large. More discussion on these issues and available approximate methods for

circumventing them can be found in the references provided above.

Transmission and reflection characteristics of FSS screens can be measured through a few
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methods [78–81]. To measure the transmissivity, the FSS under test is placed between two

directive antennas, one as the transmitter of the signal and the other acting as the receiver.

While blocking the direct path of propagation, the FSS filters the frequency content of the

radiated wave from the transmitter, thus leaving its signature on the received power by the

receiver. In this setup, the antennas are fixed and facing one another, while the FSS plane

can be rotated. For oblique incidence measurements, the FSS holder fixture is rotated up

to the angle of interest such that the FSS remains between the two antennas. As for the

calibration, the FSS is removed and the power transfer from the transmitter to the receiver is

measured as the reference value for the transmissivity (thru calibration). This setup should

be also able to measure the reflection characteristics of the FSS.

The measurement setup consisting of two standard horn antennas and a vector network

Figure 2.11: FSS transmission measurement setup in the anechoic chamber [2].
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analyzer (VNA) is demonstrated in Fig. 2.11. The experiments are performed in an anechoic

chamber which simulates the free-space environment. Although common, this method might

not be able to accurately measure the FSS characteristics. Especially, in the reflectivity

measurement, the reflected signal might be dominated by undesired scattering. Given the

finite size of the FSS and its distance to the antennas, diffraction from the edges of the

FSS test panel may become so strong that it shadows the actual reflected signal. The large

beamwidth of the horn antennas also increases the edge scattering.

Figure 2.12: Application of lens-corrected horn antennas for precision FSS transmission
measurement [80] (Picture courtesy of Mr. S. Rudolph, Radiation Lab, The University of
Michigan).

To circumvent the issues of edge diffraction, the precision setup shown in Fig. 2.12 is em-

ployed [80,81]. This setup uses lens-corrected horn antennas in order to excite the FSS under

test with a collimated beam. This setup also allows for the scan performance measurement

with a large, off-normal angle.

An alternative measurement technique is performed in a waveguide environment to em-

ulate an infinitely large FSS operating in a free-space environment [2]. This method was

originally proposed for testing the impedance matching of phased-array antennas [79]. For

this experiment, the sample (FSS) under test must fit appropriately within the waveguide

flanges so that the waveguide metallic walls do not change the actual periodicity of the
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Figure 2.13: FSS measurement setup in the waveguide environment [79].

periodic FSS [82]. This will be discussed in more detail in Section 3.3.4 of the next chapter.

The waveguide measurement arrangement is demonstrated in Fig. 2.13. Although avoid-

ing the effects of undesired diffractions, this measurement method is frequency-dependent

since the wave-number of the propagating wave inside the waveguide changes with the fre-

quency. Consequently, the incidence angle at which the wave hits the FSS changes as the

frequency varies. As a result, the waveguide setup may be more suitable for single-frequency

tests. Moreover, this setup is limited to TE modes for the test excitations [2].
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2.4 Traditional Applications of Frequency-Selective

Surfaces

Common electromagnetic design problems that can benefit from frequency-selective sur-

faces is presented here. As briefly discussed in Chapter 1, conventional applications include

radomes (bandpass spatial filters) and multi-frequency reflector antennas. Because of their

frequency-dependent behavior, FSSs have also been looked at as reactive surfaces and been

used in a variety of beamforming applications as well as high-performance antenna designs.

In this section, some of the current applications are presented.

2.4.1 Radomes

Frequency-selective surfaces have been employed primarily in design of special covers

called radomes that are capable of reducing the radar cross-section (RCS) of antennas under

cover. In this application, FSS is transparent to a desired frequency band and reflecting at

other frequencies.

Figure 2.14: Application of frequency-selective surfaces as radome covers in the aircraft
technology for reducing the antenna RCS [1].
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In practice, bandpass, spatial covers of this type are used in certain applications, for

example, in the case of an aircraft. A typical assembly is shown in Fig. 2.14. As shown,

the radar (antenna) mounted at the front tip of the airplane is covered by a shaped radome.

Radome has two modes of operation: In the transparent mode the signal passes through the

radome and is collected by the antenna. In the reflecting mode, however, the radome behaves

like a metallic surface which reflects the signal in the specular direction. The advantage of

this method is that the radome can be shaped particularly in order to reach the lowest levels

of RCS. This can be done by designing the shape of the radome so that the direction of the

strong reflection (specular) in reflecting mode is out of the sight of the transmitter of the

signal, i.e. it is not directed toward the incoming signal.

2.4.2 Multi-Frequency Reflectors

As mentioned earlier in Chapter 1, frequency-selective surfaces have been utilized in

multiband reflector antenna applications [39, 40, 43, 48]. A common approach uses an FSS

as a subreflector in addition to the large reflecting dish in a reflector antenna, as shown

in Fig. 2.15. The subreflector, which is an FSS, is designed to be reflective at a frequency

band and be simultaneously transparent at another desired band. The frequency-dependent

subreflector allows for application of multiple feeds in this systems, thus enabling the multi-

frequency state of the antenna. Different frequency feeds are optimized and positioned at

the real and virtual foci of the subreflector. Hence, only one main reflector can act as a

multiband antenna.

A practical application of this idea is the high-gain antenna (HGA) of the Voyager space-

craft which was designed, [39], to diplex S and X bands. An FSS forms the subreflector

which is reflecting at X-band whereas is transmitting at S-band. In this antenna, the S-band

feed is placed at the prime focus of the reflector, whereas the X-band feed is located at the

Cassegrain focal point (see Fig. 2.15). As a result, loaded with an FSS, a single reflector acts

as a dual-band antenna, thus reducing the overall mass, volume, and most importantly the

fabrication cost. A similar approach was proposed later by Wu to build a four-band reflector

system. In this work, a four-frequency FSS was utilized as the subreflector [49].
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Figure 2.15: Dual-frequency reflector antenna using an FSS as the subreflector [2].

2.4.3 Beam Control Arrays

Frequency-selective surfaces have also been used in creation of impedance surfaces with

tuning capability. This problem is believed by Wu, [2], that first appeared in [50] where

scattering properties of a corrugated surface loaded with microwave solid-state amplifiers

were studied. In this surface, connecting each slot region to an amplifier, the authors of [50]

have been able to not only control the phase of the reflected wave but also to manipulate

its power gain. It was envisioned that this loaded array would be able to change the phase

front (shape) and intensity of an incident plane-wave.

FSSs considered for the beam-shaping application are commonly of the type series res-

onators, L − C [51, 52]. A possible way for constructing an L − C resonating surface is to

use an array of metallic strips that are cut at periodic intervals in order to create capacitive

junctions along the strips. This array, which is simply an array of small strips, is shown in

Fig. 2.16. The basic idea can be explained using a quasi-optical approach in which the beam

is assumed to be a plane-wave over an infinitely long, periodic array in two dimensions on the
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Figure 2.16: An active L−C array comprising metallic strips interrupted by gaps in a periodic
fashion. The gaps further are loaded with varactor diodes to alter the gap capacitance [2].

surface. The metallic traces are inductive which together with the gap capacitances create

a series combination of inductors with capacitors. By mounting lumped reactive elements

such as varactors diodes, one can tune the resonance characteristics of the array. It should

be pointed out that this is only an approximate method since if the elements of the array

are long, the wave variations along the elements must be taken into account. Nevertheless,

this approach builds up a good understanding on the behavior of active arrays.

Two modes of operation can be specified: 1) Transmission mode (shown in Fig. 2.17(a))

for controlling the beam amplitude, and 2) reflection mode (shown in Fig. 2.17(b)) for

changing the beam phase. As shown in Fig. 2.17(b), in the reflection mode, the array is

backed by a metallic surface to assure the total reflection.
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Figure 2.17: Modes of operation for an active L − C array. (a) Transmission mode for
adjusting the wave intensity. (b) Reflection mode for changing the phase [2].

The first experimental version of L−C active arrays in reflection mode was demonstrated

in [53]. This reflective array was designed to work at 93 GHz and was able to produce a

70o phase shift with about 6.5 dB loss. This research was further expanded and lead to

demonstration of more involved active arrays such as multiplier arrays, oscillator arrays, and

amplifier arrays.

Transmission mode operation has also been tested and demonstrated. In [54] an array

of PIN diodes is proposed for beam switching. In another attempt, Schottky diodes were

used in an array format to manipulate the transmissivity of the array [55]. Experimental

follow-up of these methods were later appeared in [56] and [57], respectively.
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2.5 Chapter Conclusions

A numerical, comparative study over the conventional elements in design of frequency-

selective surfaces is presented in this chapter. Traditional surfaces are categorized based

on their geometries, [1], into four major groups: I) The center connected or N-poles, such

as dipole, three-legged element, the Jerusalem cross, and the square spiral. II) The loop

types such as the three- and four-legged loaded elements, the circular loops, and the square

and hexagonal loops. III) Solid interiors or plate types. IV) Combinations which are a

mixer of previous groups. Through a physical discussion, it is shown that the operation

mechanism of the traditional FSS is dependent on the structural-based resonances. Methods

of characterization and numerical simulations are discussed briefly next. The overview study

of this section is followed by introducing some of the conventional applications involving

frequency-selective surfaces, demonstrating the versatility of these surfaces in microwave

engineering.
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CHAPTER 3

Metamaterial-Based Miniaturized-Element

Frequency-Selective Surfaces

This chapter presents a new approach to the design of surfaces with a controllable, spatial

filtering characteristic. These “miniaturized surfaces” are capable of performing functions

similar to traditional frequency-selective surfaces discussed in Chapter 2. However, the new

surfaces operate based on different principles which allow for functionality superior to that

of the traditional surfaces. As a result, their applicability extends beyond that of traditional

surfaces into a variety of compact communications applications. A detailed description of

the new approach is provided in this chapter.

3.1 Chapter Introduction

Traditional frequency-selective surface (FSS) structures, with resonant unit cells, have

been investigated over the years for a variety of applications. These include bandpass and

bandstop spatial filters, absorbers, and artificial electromagnetic bandgap materials. A typi-

cal FSS is a 2-D planar structure consisting of one or more metallic patterns, each backed by

a dielectric substrate. These structures are usually arranged in a periodic fashion; therefore,

their frequency response is entirely determined by the geometry of the structure in one period

called a unit cell. As a result of research on the applications mentioned above, the behavior

of FSSs is well understood [1–3]. The focus of the past studies, however, has been mostly

on the bandstop characteristics produced by these surfaces, and structures with bandpass
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characteristics have been rarely studied.

Recently, there has been an interest in design of FSS with unit cell dimensions much

smaller than a wavelength. In traditional designs, the frequency-selective properties result

from mutual interactions of the unit cells. Therefore, to observe a desired frequency selective

behavior, a large number of unit cells must be present. Consequently, the overall size of the

surface is electrically large. On the other hand, for some applications where a low sensitivity

with respect to the incidence angle of the exciting wave is required or in cases where a

uniform phase front is difficult to establish, the screen size needs to be small. To address

this problem, a new class of FSSs called miniaturized-element frequency-selective surfaces

was developed [37]. The new class takes an approach which is different from those of the past

designs. In this approach, instead of using a resonant structure as the building block of the

frequency selective surface, special unit cells of small dimensions are used. These unit cells

act as lumped inductive and capacitive elements and are properly arranged so they couple

to the magnetic and electric fields of an incident wave, respectively.

This chapter presents a new miniaturized-element FSS architecture with unit cell dimen-

sions as small as λ/12 [38]. Due to the sub-wavelength size of its elements, this spatial filter is

called a metamaterial-based FSS. Metamaterial is a term used to describe artificial materials

comprised of very small inclusions (< λ/10) in a homogenous medium. Metamaterials pro-

duce effects not observed in natural materials. The new miniaturized-element FSS exhibits

a high-Q, high-order, bandpass characteristic which can be potentially tuned using varactors

mounted on one layer of the structure. A detailed design procedure for the proposed design

is presented using an equivalent circuit model whose parameters are extracted from full-wave

analysis. This model is used to design a prototype at X-band, with unit cell dimensions of 4

mm × 4 mm, which is fabricated and tested using a free-space measurement setup to show

the validity of the design procedure and the performance of the new design.
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3.2 Background

3.2.1 Physics: Elements of Design

A new perspective on the design of frequency-selective materials is presented in this

chapter. Through circuit analogy, the fundamentals of design of FSS using the new approach

are described. As mentioned in the first chapter, frequency-selective surfaces are spatial filters

which are excited by a plane-wave impinging on the surface. Design of a filter in microwave

engineering generally includes three steps; 1) deciding on the order of the filter, i.e., the

number of resonators needed in the filter; 2) building the resonators and; 3) controlling the

mutual interactions (coupling) between the resonators in order to tailor a particular frequency

response. Similar steps are taken in design of miniaturized FSSs. For implementing the

actual surface, however, first we need to learn how to create the resonators in two-dimensional

space on a substrate. To produce a resonant characteristic, both inductive and capacitive

effects are required. As a result, finding methods of implementing spatial inductors and

spatial capacitors is discussed first.

In order to arrive at configurations that produce a certain reactive behavior, we need to

review the fundamentals of operation of a capacitor and also an inductor. According to the

electrostatic theory, two conductive objects connected to different dc voltages construct a

capacitor for storing electric energy. This energy is present in the electric field whose contours

start from one of the objects and land on the other one. Conversely, if we somehow establish

an electric field between two conductors, then we have created a capacitor. Fig. 3.1(a) shows

the capacitor built between two adjacent metallic patches. The capacitance is proportional

to size of the overlapping areas and is inversely proportional to the separation of the patches.

An electric current flowing on a wire, on the other hand, shows inductive effects according

to electrodynamic theory. A magnetic field is generated as a result of the moving charges,

which, in turn, stores magnetic energy (inductance concept). Similarly, placing the wire in

a time-varying magnetic field which has a component perpendicular to the wire on the wire

plane produces an electric current along the wire (inductor). This is shown in Fig. 3.1(b).

By thinning the wire, the inductance increases.

The basic ideas outlined above were used in the past to construct planar structures
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Figure 3.1: Construction of miniaturized capacitive junctions and inductive traces- (a) shows
a capacitor formed between two metallic traces because of the electric field established be-
tween them; (b) shows the inductive behavior of a wire perpendicular to the magnetic field
of the exciting wave.

with the ability to create reactive effects in response to an incident plane-wave. Periodic

surfaces with capacitive and inductive characteristics have been investigated and reported

previously [1,2]. As mentioned in chapter 1 (see Fig. 1.5), a periodic patch-array is known for

producing a capacitive response over a designed frequency band. A wire-grid, on the other

hand, is inductive. The brief physical discussion provided above can be used to explain such

effects. Interpretation of the reactive arrays is given in Fig. 3.2.

There are approximate analytical solutions for the reactance value of periodic structures

described above [5]. Consider an array of metallic, square patches with side length of l and
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Figure 3.2: Upon incidence of a plane-wave on patch-array, the electric field creates posi-
tive and negative charges on the edges of the two adjacent patches, thus producing a gap
capacitor. Similarly, in a wire-grid, parallel wires that are normal to the magnetic field act
as inductors.

a separation width of s in two dimensions. Given the infinite, periodic arrangement of the

patches, the frequency response of the array can be described by just analyzing one unit

cell. Here, the term unit cell refers to one period of the surface. Similar approach calculates

the approximate inductance associated with a 2-D wire-grid with periodicity of p and wire

width of w. The first-order approximation of the capacitance of the patch-array and the

inductance of a wire-gird are given, [5], respectively, by:

C = ε0εeff (2l/π) log [csc(πs/2l)] (3.1)

L = µ0(p/2π) log [csc(πw/2p)] (3.2)

; where ε0 is the permittivity constant of the air (free-space), and εeff is the effective

dielectric constant of the substrate. µ0 is the permeability of air.

The miniaturized approach starts with constructing the reactive elements and then com-

bining them in order to produce the required resonances for filtering. The elements of the FSS

are designed such that they act no longer as stand-alone resonant elements. Instead, each

element in the array is used to create miniaturized, lumped capacitors (junction capacitors)

and inductors (metallic traces). Such interactions can be explained through a quasi-static

approach. In the next section, an FSS based on this approach is discussed.
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3.2.2 The First Miniaturized-Element Frequency-Selective

Surface: A Patch-Wire Design

The first generation of the miniaturized-element FSSs (the patch-wire FSS) was intro-

duced in [37]. This miniaturized FSS is described here. Fig. 3.3(a) shows the patch-wire FSS

which is a single-substrate surface comprising periodic patches and a wire-grid, printed on

Figure 3.3: The patch-wire miniaturized-element FSS- (a) shows the geometry of the FSS
in free-space comprising a patch-array and a wire-gird; (b) presents the FSS’s unit cell.
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either side of the substrate, with a unit cell (Fig. 3.3(b)) dimension of λ/5. This arrangement

constitutes a parallel LC circuit based on the brief physical discussion presented above. An

equivalent circuit model of the FSS is shown in Fig. 3.4. In this circuit, the capacitor models

the patch-array, and the inductor represents the wire. There are three pieces of transmission

line in this model; the short piece in the middle (Z1 = Z0/
√

εr) models the substrate, while

the other transmission lines correspond with the two half-spaces on either side of the FSS

(Z0 = 377 Ω).

Figure 3.4: The patch-wire miniaturized-element FSS- Lumped equivalent circuit model
consisting of a capacitor modeling the patches and an inductor behaving as the wire-grid.

This FSS can produce a single-pole, bandpass filter response given the circuit model.

The bandpass behavior has been also verified by optimizing the unit cell parameters using a

full-wave simulator. In the optimization, the unit cell size was fixed while other parameters

were changing. The design parameters include: D as the periodicity of the FSS; w as

the wire width; the gap width between the patches shown by s ; and t representing the

substrate thickness. A typical response of the single-substrate FSS is shown in Fig. 3.5 for

the parameter values listed in Table 3.1. The simulations were performed for a number of

incidence angles. As shown, the response shows a slight dependence on the angle.

Due to a high external coupling coefficient, it has been shown that such a single-pole

design has a poor selectivity and a high insertion loss. To remedy this shortcoming, two

such surfaces are coupled using an impedance inverter to obtain a high-Q, two-pole filter

response with a very low insertion loss. Although the performance of this design is high,

its fabrication is cumbersome as it requires two substrates (four printed faces) and a spacer
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Table 3.1: The Design Parameters of the Patch-Wire Miniaturized-Element FSS in Free-
Space

(quarter-wave impedance converter). Moreover, the overall FSS is quite thick (≈ λ/4) which

might not be practical for some applications. The large thickness also degrades the scan

performance. Nevertheless, the patch-wire FSS introduced a new perspective in FSS design.

The waveguide measurements of the FSS proves the validity of the new approach and the

improved performance of the new FSS compared to the old surfaces.

The miniaturized approach in design of FSS offers much more improvement in the perfor-

mance, as will be presented in the next section. This is achieved by designing FSS elements

having higher-order interactions (coupling) with the incident wave.

Figure 3.5: The patch-wire miniaturized-element FSS- Full-wave simulations were performed
for a number of incidence angles to test the scan performance of the FSS (Picture courtesy
of K. Sarabandi, et. al [37]).
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3.3 The Loop-Wire Miniaturized-Element Frequency-

Selective Surface

In addition to presenting a new methodology in design of FSS (based on the filter theory),

the main message of the miniaturized approach is that by shrinking the unit cell dimensions,

a better homogeneity in terms of filtering characteristics over the surface is achieved. In

other words, the selectivity becomes inherent in the surface. The new feature, therefore, is a

localized frequency selectivity. The miniaturization of the elements of the FSS, however, is

limited by the fabrication process. Depending on the process and the material used, the width

of the metallic traces and also their spacing cannot be smaller than a prescribed dimension.

In this section, a new miniaturized-element frequency-selective surface is presented.

The new frequency-selective surface is made up of a 2-D, periodic array of metallic loops

and a wire-grid of the same period printed on either side of a very thin substrate. Unique

features of the loop-wire design include localized frequency-selective properties, higher-order

frequency response achieved by a single substrate, lack of passband harmonics in the fre-

quency response, and very low sensitivity of the frequency response to the incidence angle.

High-order frequency response is accomplished through the application of a thin substrate

that allows considerable couplings between the elements on the opposite sides of the sub-

strate. The layers’ coupling in conjunction with the characteristics of each layer are designed

to produce a high-Q, bandpass frequency response, in addition to a transmission zero. It

is shown that by inserting variable capacitors in the gap between the metallic loops, the

center frequency of the passband can be tuned over nearly an octave. In addition, using a

cluster of loops as the unit cell and modifying the parameters of the loops within the cluster,

a dual-band characteristic from a single-layer FSS can be achieved. A prototype sample of

the loop-wire miniaturized-element FSS, whose unit cell are as small as λ/12, is fabricated

to verify the design performance through a standard free-space measurement setup. The

transmission characteristic of the structure is measured and compared with numerical sim-

ulation results. To test the tunability performance of the FSS, a waveguide measurement

setup is employed. Prototypes of the structure in the form of a waveguide flange at X-band

are fabricated and then loaded with fixed-valued, chip capacitors of different values. The
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measurement results verify the simulations, thus showing the wide tunability range of the

loop-wire FSS with acceptable performance.

3.3.1 Design Specifications

The proposed miniaturized-element loop-wire FSS has two printed layers separated by a

very thin dielectric substrate. On the top surface, there is a 2-D, periodic array of metallic,

square loops and, on the bottom, there is a wire-grid. A square portion of the surface

containing a few unit cells is shown in Fig. 3.6. The structure is designed symmetrically

with respect to both x and y axes so that its response is polarization insensitive. Also, in

Fig. 3.7, the unit cell static design parameters are indicated including the loop-trace width

δ, the spacing between the loops s, the grid-strip width w, the substrate thickness t, and

the unit cell dimensions Dx and Dy. In the following, a brief description of the behavior

of the layers and their interaction is presented to give insight into the structure operation

mechanism.

The study of the FSS’s layers starts with the wire-grid. It is well known that thin,

metallic strips supporting axial electric current excited by an incident wave generate an

inductive response [1]. The total inductance produced depends on the width and length

Figure 3.6: The loop-wire miniaturized-element FSS- The FSS surface screen consists of a
loop-array on one side of the substrate and a wire-grid on the other side- For changing the
capacitive content of the FSS, lumped capacitors interconnect the loops in both x̂ and ŷ
directions to maintain the symmetry of the structure.
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Figure 3.7: The patch-wire miniaturized-element FSS- The unit cell geometry of the FSS
including the physical parameters of the loop and the wire that affect the frequency response.
The zebra-striped box is where the capacitor is mounted.

of the strips as well as the field polarization with respect to the strips. The wire-grid is

symmetrical and, therefore, polarization independent.

The loop layer has a combination of both inductive and capacitive responses [83]. For

an x̂-polarized (see Fig. 3.6) plane-wave normally incident upon the structure, positive and

negative charge densities are established along the adjacent edges of the successive square

loops, storing electric energy in the capacitors (gaps) between the loops. A close examination

of the loop structure reveals that the loops can also store magnetic energy, giving them an

inductive characteristic. This is from the metallic strips of the loops that are parallel with

the electric field and support an electric current, thus giving rise to the inductive behavior.

Hence, while the two ŷ-directed sides of the loops, that are perpendicular to the electric

field, are acting as the plates of a capacitor, the two x̂-directed sides act as inductors. Two

neighboring square loops, as a result, constitute a series combination of a capacitor and

an inductor, generating the loop layer bandstop characteristic. As mentioned above, the

behavior of this miniaturized-element FSS also depends on the interaction of the layers. A

very thin substrate is used in this design to increase this interaction which is explained as

follows.

The magnetic field induced by the current flowing in the wire-grid encircles the strips of
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the grid itself. A portion of that field couples through the square loops on the other layer,

inducing some electric current on the loops’ traces. Conversely, the current on the loops

produces a magnetic field that couples to the wire-grid. This inductive, mutual coupling

becomes stronger as the substrate thickness decreases.

In addition to the effect mentioned above, another kind of interaction between the layers

is also observed. Based on initial, full-wave simulations of the structure, an x̂-polarized

incident electric field produces an electric field normal (ẑ-directed) to the surface between

the two layers. This phenomenon, which is shown in Fig. 3.8, can be explained considering

the need for displacement currents between the layers at resonance, where significant electric

currents are flowing on the loops and the wire-grid. This interesting interaction, which is

observed only for cases where the substrate is very thin, is modeled as a capacitive junction

at the locations where the strips of the wire-grid and the square loops overlap.

Figure 3.8: The loop-wire miniaturized-element FSS- Vector electric field plot shows the exis-
tence of significant normal field components between the two layers justifying the placement
of the series capacitance in the equivalent circuit model.
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In summary, the proposed structure is a parallel combination of highly coupled bandstop

and inductive surfaces. By choosing proper dimensions and aligning the surfaces, desired

bandpass or bandstop characteristics are obtained. Finally, the tunability of the response

can be achieved by altering the loops’ gap capacitance, for example, by interconnecting the

loops via lumped capacitors, as shown in Fig. 3.7. The results of a parametric study are

presented below for qualitative and quantitative determination of the effect of each surface

parameter.

3.3.2 Parametric Study and Circuit Model Development

Parametric study of the miniaturized-element FSS begins with development of a circuit

model to describe the expected frequency behavior of the surface qualitatively. A circuit

model is highly desirable at the design stage to quickly predict the response of the structure

with some level of accuracy. Finding a circuit model for frequency-selective surfaces, however,

is not always possible. This is especially true for FSS structures composed of resonant

geometries for which significant mode (Bragg) couplings take place. That is, the energy from

the fundamental TEM mode of the incident wave is distributed among all non-propagating

Bragg modes that eventually constitute the surface current. In these cases, equivalent circuit

models do not exist and accurate analysis can only be accomplished using full-wave numerical

simulations. The proposed loop-wire design operates entirely in TEM mode and makes use

of very small-size elements. As a result, no significant higher order mode couplings are

expected. Hence, a simple circuit model is sufficient to characterize the behavior of the

structure.

To arrive at an accurate model, sensitivity analyses using a full-wave simulator are carried

out. The full-wave approach is also necessary to establish the relationship between the

physical parameters of the miniaturized unit cell and the lumped elements of the circuit

model. Having an accurate circuit model, one can synthesize a desired frequency response

(center frequency, bandwidth, insertion loss, and tuning range) by an optimization method

in a reasonably short time using a circuit simulator.

A circuit model based on the qualitative description of the loop-wire structure provided
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in the previous section is shown in Fig. 3.9. This model ignores all metallic and dielectric

losses. The model includes two parallel branches, representing the two layers.

Figure 3.9: The loop-wire miniaturized-element FSS- Equivalent circuit model for the cou-
pled wire-grid and bandstop surfaces of the proposed miniaturized-element frequency selec-
tive surface.

The right branch in the circuit models the wire-grid which is purely inductive. For this

branch, the sensitivity analysis shows that increasing the strip width w decreases the induc-

tors L1 and L2. As will be shown below, the structure has an overall bandpass characteristic

with a center frequency denoted by fc. Reducing the wire-strip width obviously decreases

fc, but simulations also show that the bandpass response bandwidth becomes wider.

The left branch in the model, on the other hand, represents the array of loops that

acts like a bandstop (notch) circuit (series LC ). The total capacitance used in the circuit

model is composed of the loops’ gap capacitance, Cg, and the lumped capacitor, Cv, that is

mounted in parallel with Cg in the gap between two neighboring loops. The gap capacitance,

Cg, is a function of the gap spacing, s, and, to a lesser extent, the loop-strip width, δ (see

Fig. 3.7). Characterization of the gap capacitance has been discussed in [5]. As expected,

increasing s decreases the capacitance, which in turn increases the notch frequency (fo) at

which there is a transmission zero in the frequency response of the circuit. The simulations

indicate that increasing s also increases fc. It is also observed that increasing δ results in an

increase in fo. This is mostly due to the lower inductance of the wider strip. A more detailed

study, however, reveals that changing the loop-trace width also changes the gap capacitance,
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as mentioned above. Although increasing δ increases the gap capacitance, the inductance

decreases in such a manner that both fc and fo increase. This is due to the very small value

of the gap capacitance, Cg, compared to that of the lumped capacitor, Cv, mounted between

the loops. As a result, the loop-trace width primarily affects the inductance of the loop

surface without changing the gap capacitance significantly.

In addition to the elements discussed above, the circuit model has other elements that

represent the interactions between the layers. The magnetic interaction discussed in the

previous section is modeled by a mutual inductance, K, in the circuit model; this coupling

becomes larger to represent increased coupling as the substrate thickness decreases. The

displacement current flowing between the layers forms a capacitive junction which is modeled

as a series capacitor, Cs. To model the substrate, a very short piece of transmission line is

placed between the shunt branches. Sensitivity analysis shows that increasing the substrate

Figure 3.10: The loop-wire miniaturized-element FSS- Circuit model simulation shows a
bandpass characteristic with high selectivity and low insertion loss, including a transmission
zero.
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thickness, t, beyond 200µm, increases the insertion loss drastically, hence degrading the

bandpass characteristics of the response. Moreover, fc slightly decreases as t increases.

Given the equivalent circuit model described above, a set of typical values are chosen for

the circuit elements to show the expected frequency response of the surface (Fig. 3.10). A

bandpass behavior (about 9GHz) with a transmission zero (about 13GHz) is clearly demon-

strated. The value of each circuit element is: L1 = 0.15 nH, L2 = 0.05 nH, L = 1.5 nH,

K = −1, Cs = 0.05 pF, and C(= Cg + Cv) = 0.1 pF.

3.3.3 Model Verification and Simulation Results

Single-Bandpass Frequency Behavior and Its Tuning Performance

In Section 3.3.2, the synthesis of a highly selective bandpass response by the miniaturized-

element FSS was shown to be possible, assuming the accuracy of the circuit model. Next,

employing the trial-and-error approach, a full-wave simulator is used to verify the behavior

of the structure.

Table 3.2: The Loop-Wire Miniaturized-Element FSSs’ Static Design Parameters at X-Band
for Free-Space Operation

Design 

Parameter

The 1
st

The 2
nd

The 3
rd

s 0.12 mm 0.15 mm 0.12 mm 

1.08 mm 0.15 mm 1.08 mm 

w 1.2 mm 0.5 mm 1.05 mm 

t 0.04 mm 0.125 mm 0.125 mm 

r
2.2 2.2 2.2 

Dx× Dy 4 mm × 4 mm 2.5 mm × 2.5 mm 4 mm × 4 mm 

In this section, three different miniaturized-element designs whose parameters values are

provided in Table 3.2 are presented. Full-wave analyses are based on the finite element
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method (FEM) using Ansoft HFSS; both dielectric and metallic losses are included. The

accuracy of the circuit model is also verified using a sensitivity analysis by which the corre-

sponding values for the elements of the circuit model are extracted to best fit the full-wave

results.

In the following, the frequency tuning capability is studied numerically by altering the

lumped capacitance mounted in the loops gap. The simulation results for the first loop-

wire design (see Table 3.2) are shown in Fig. 3.11. As can be seen, a frequency range

from 6.7 to 9.4 GHz is swept by altering the lumped capacitance from 0.7 to 0.2 pF. The

simulations predict a very wide tuning range with very little degradation in the structure

performance. Fig. 3.12 shows the simulation results for the second loop-wire FSS with unit

cell dimensions of 2.5mm× 2.5 mm. Among the designs considered here, the second design

achieves the smallest cell size. Similar to the first design, the second design has also a very

wide frequency tuning range. In this case, the center frequency changes from 6.4 to 9.7 GHz

by changing the capacitance from 0.3 to 0.1 pF. This capacitance range is rather small and,

Figure 3.11: The loop-wire miniaturized-element FSS- Full-wave simulations of frequency
response (return loss and transmission) of the first loop-wire FSS including metallic and
dielectric losses. The results show that a wide tuning range is obtained by tuning the
lumped capacitance, Cv, from 0.2 to 0.7 pF.
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Figure 3.12: The loop-wire miniaturized-element FSS- Full-wave simulations of frequency
response (return loss and transmission) of the second loop-wire FSS including metallic and
dielectric losses. The results show that a wide tuning range is obtained by tuning the lumped
capacitance, Cv, from 0.1 to 0.3 pF.

Figure 3.13: The loop-wire miniaturized-element FSS- Full-wave simulations of frequency
response (return loss and transmission) of the third loop-wire FSS including metallic and
dielectric losses. The results show that a wide tuning range is obtained by tuning the
lumped capacitance, Cv, from 0.2 to 0.7 pF. This design provides lower insertion loss and
uses a thicker substrate compared to the first design.
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thus, not very desirable in practice.

Finally, Fig. 3.13 shows the simulation results for the third loop-wire structure. This

design also achieves a wide tuning range for the capacitance range of 0.7 to 0.2 pF. The

third design, however, has a lower insertion loss compared to the first design. Another

advantage of the third design is in that its substrate is considerably thicker than that of the

first and, therefore, is much easier to fabricate and handle experimentally.

As mentioned previously, a major advantage of the miniaturized approach compared with

conventional methods relates to the harmonic response of the FSSs. As discussed earlier,

old FSSs are comprised of resonance-length elements. Readily, harmonics of the main (first)

resonance contaminate the frequency response of such FSSs. An array of dipole, for example,

creates multiple strong scattering (resonances) at frequencies where the electrical length of

the dipoles is λ/2, λ, 3λ/2, etc. Traditional FSS in a sense has limitations because of its

dependence on the structurally-based resonances.

The main resonance in the new FSS, however, is located at a frequency which is about

an order of magnitude lower than the first resonance of its elements (loops). This confirms

that the new approach provides a filtering response independent of the elements’ stand-alone

Figure 3.14: The loop-wire miniaturized-element FSS- Full-wave simulations of frequency
response (return loss and transmission) of the second loop-wire FSS including metal-
lic/dielectric losses and a capacitance value of Cv = 0.1 pF. As can be seen, the first harmonic
of the main passband is located at about 60 GHz.
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resonances. The spectral response of the second loop-wire FSS (Table 3.2) up to 70 GHz

is shown in Fig. 3.14. As shown, the center frequency of the passband (≈ 10 GHz) is over

six times lower than the second closest hump (≈ 60 GHz) in the transmission response.

Interesting point about this plot is that the frequency of the second transmission zero is

exactly where the loops become resonant (loop circumference = λ). This figure well shows

the wide band of frequency available to this FSS over which no harmonics exist.

Equivalent Circuit Model for the Single-Bandpass Surface at Normal Incidence

Comparison of the circuit model response with the full-wave simulations for the second

design is shown in Fig. 3.15. Extracted circuit elements values are given in Table 3.3.

Two different values of the lumped capacitance, i.e., Cv = 0.15 and 0.3 pF, are used to

show the validity of the circuit model. As shown, the model response not only predicts the

FEM results, but it also tracks the FEM results as the lumped capacitance is tuned. The

circuit model, however, ignores the losses associated with the metal and the substrate. The

existence of such an accurate lumped circuit model for the loop-wire FSS well proves the

Figure 3.15: The loop-wire miniaturized-element FSS- Circuit model simulations are com-
pared against FEM model for the second miniaturized-element FSS design and for different
values of the lumped capacitor: Cv = 0.15 and 0.3 pF.
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TEM operation (Section 3.3.2) of this FSS.

Table 3.3: The Circuit Model Values for the Second Loop-Wire Miniaturized-Element FSS
(see Fig. 3.15)

Cg L L1 L2 Cs K

8.41 fF 0.755 nH 0.523 nH 0.0565 nH 58.75 fF -0.97 

Dual-Bandpass Frequency Response

In many communications and radar applications, frequency-selective surfaces with multi-

band characteristics are highly desirable. The new miniaturized-element FSS can be designed

to provide such characteristics from just a single substrate layer. This is accomplished in

a rather straightforward manner because of the very small unit cell dimensions of the new

design and the localized nature of the frequency response. To achieve a multiple bandpass

behavior, one needs to increase the number of poles and zeros. For past designs, an increase

in the number of poles and zeros translates to having a multilayer FSS. Due to the small

size of the unit cells of the loop-wire FSS, the number of poles and zeros can be increased

by using a cluster of loops with different parameters as the unit cell.

Figure 3.16: Unit cell of a dual-bandpass miniaturized-element FSS composed of a cluster
of four identical loops, but with different lumped capacitors.
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A dual-band response is demonstrated here by considering a four-loop cluster as the unit

cell and simply placing different lumped capacitors in the gaps between the loops, as shown

in Fig. 3.16. The equivalent circuit of this composite loop-wire surface is two parallel circuits,

each similar to that shown in Fig. 3.9. It can be shown that by proper choice of the lumped

capacitors C1 and C2, a dual bandpass response can be obtained. Using the parameters of

the second design given in Table 3.2, changing the loop-trace width δ from 0.15 to 0.25 mm,

and choosing C1 = C1 = 0.1 pF, a single bandpass frequency response, shown in Fig. 3.17, is

produced. By changing the capacitance values to C1 = 0.05 pF and C2 = 0.2 pF, a dual-band

response, also shown in Fig. 3.17, is obtained.

Figure 3.17: Frequency response of a dual-band miniaturized-element FSS obtained by using
a cluster of four loops as the unit cell and choosing different values for the lumped capacitors.
Two cases are compared to each other: The dashed line is for the case where the two
capacitors used in the four-loop cluster are the same (C1 = C2 = 0.1 pF), and the solid line
shows the results when the capacitors are different (C1 = 0.05 pF and C2 = 0.2 pF).

65



3.3.4 Experimental Verification

Free-Space Measurement

To demonstrate the validity of the simulations in a free-space environment, a prototype

sample of the loop-wire miniaturized-element FSS at X-band is fabricated and tested using

a free-space measurement setup. The setup is composed of a lens-corrected horn antenna for

creation of a uniform phase front over a finite aperture and a high-gain antenna in the far

field. The surface is placed adjacent to the horn, as shown in Fig. 3.18, and the receiving

antenna is in the far-field region of the horn and surface.

Figure 3.18: Free-space measurement setup consisting of a receiver, a transmitter, and the
miniaturized-element FSS in between.

The surface is fabricated using a low-loss Duroid substrate through a printed circuit

board etching process. 0.1-pF thin-film chip capacitors with a very small package size (0201

standard size) are then mounted in the loop gaps. The fabricated sample is based on the

third design whose parameters values are listed in Table 3.2. The designed screen which is

shown in Fig. 3.19 is 6 in × 6 in and includes 38× 38 unit cells.
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Figure 3.19: Fabricated surface using fixed lumped capacitors. This prototype uses approx-
imately 3000 capacitors with capacitance value of C = 0.1 pF. This figure shows the loop
layer.

An 8720D vector network analyzer (VNA) is employed to measurer the transmissivity

through the sample. A thru calibration is performed to calibrate the network analyzer within

a frequency band of 8.4–11.15 GHz (the lens-horn band of operation) in the absence of the

surface. Fig. 3.20 compares the simulation and experimental results at normal incidence.

Fig. 3.20 also includes the case in which the polarization of the incident wave is rotated

by an angle 45 about the surface normal. As predicted by the simulations, the structure is

polarization insensitive. The measurement results for oblique incidence up to 45o , are shown

in Fig. 3.21. As expected, the new design shows only minor frequency response dependence

to the incidence angle. A good agreement between the measured and simulated results is

observed.

Fig. 3.18 proves the ability of the new approach in decreasing the overall dimensions of

an FSS. As shown, the panel size of the FSS is as large as the footprint of the transmitter.

Another new feature is about the issue of distance mentioned earlier. In this setup, unlike

conventional methods for measuring FSS in the air, the FSS is placed very close to the
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transmitting antenna and yet performs the filtering.

Figure 3.20: The loop-wire miniaturized-element FSS measurement results versus numerical
simulation- Angle phi measures the orientation on the FSS plane. In both cases phi = 0o

and phi = 45o, the incident wave polarization is parallel to the surface. This measurement
shows that the design is polarization insensitive.
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Figure 3.21: The loop-wire miniaturized-element FSS measurement results versus numerical
simulation- This measurement shows the effect of off-normal excitation of the surface. Angle
theta represents the angle between the propagation vector of the incident wave and the
normal to the surface.

Tunability Measurement

Another practical feature of frequency-selective surface structures design is the ability to

electronically tune the frequency response of these structures. In [85–93], frequency tunabil-

ity has been accomplished by altering the substrate constitutive parameters. Other methods

include either changing the structure geometry using RF-MEMS technology [96,97], or ma-

nipulating the FSS layers’ reactive characteristics by incorporating tuning elements into the

layers’ design [102–104,106,107].

It is well known that certain periodic structures can be measured in a waveguide trans-

mission line [79]. In a waveguide environment, an FSS designed for operation in a free-space

environment should be modified slightly to compensate for the effect of the waveguide metal-

lic walls. The sides of the rectangular waveguide can perturb the design periodicity once

image theory is applied. To prevent such a perturbation, the walls need to lie on the symme-
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try planes of the FSS surface. In a rectangular waveguide, the incident wave upon the FSS

surface is TE10 mode which represents two incident plane waves at opposite oblique incidence

angles at a given frequency. Accordingly, if the waveguide aperture covers an integer number

of the unit cells along its width and length, and the covered portion has a center of symmetry

that lies on the center of the aperture, then the waveguide walls coincide with the symmetry

planes. In other words, the waveguide measurement imposes a new constraint on the unit

cell size. Therefore, the closest dimensions to those previously used for the free-space design

are redesigned such that the waveguide aperture covers an integer number of elements. The

appropriate unit cell has dimensions 3.39 mm × 3.27 mm which correspond to 3 × 7 unit

cells to cover a WR-90 waveguide aperture (10.16 mm × 22.86 mm). Further optimizations

are employed again to achieve the intended response [82].

Figure 3.22: The loop-wire miniaturized-element FSS- The waveguide prototype which is an
array of 3 × 7 unit cells, each of which loaded with a surface-mount capacitor (black boxes)
parallel with the direction where the electric field polarization (TE10) lies on.
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A picture of the miniaturized-element prototype design for waveguide testing is provided

in Fig. 3.22. This figure shows the loop array along with lumped capacitors between the

loops. To facilitate the flow of the longitudinal conduction current on the waveguide walls,

via holes are fabricated on the perimeter of the aperture where the waveguide flanges meet

(see Fig. 3.22). Lack of good metallic contact results in disruption of the longitudinal cur-

rents, thus generating spurious responses. The geometrical parameters for the waveguide

design are summarized in Table 3.4. Measurements are performed in a calibrated WR-90

S-parameter measurement setup shown in Fig. 3.23. The setup includes an 8772D VNA,

coaxial cables, and WR-90 standard waveguide sections.

Table 3.4: The Loop-Wire Miniaturized-Element FSS’s Design Parameters at X-Band in
Waveguide

s w t r D x× Dy

0.12 mm 0.675 mm 1.05 mm 0.1 mm 2.94 3.39 mm × 3.27 mm

Four samples of the miniaturized-element FSS with the same geometrical parameters

(provided in Table 3.4) are fabricated and then loaded with different, fixed-valued capacitors

(0.05, 0.1, 0.15, and 0.2 pF). Fig. 3.24 shows the transmission response for the four different

samples. The measurement results show that the center frequency of the response can

be changed from 8.49 to 11.48 GHz by simply changing the capacitance of the lumped

capacitors. An increased insertion loss (from 1.5 to 2.7 dB), however, is observed as the

center frequency decreases. This decrease is partly attributed to impedance mismatch of the

surface at lower frequencies in the waveguide. To tune the center frequency down, the lumped

capacitance value is increased. Given the circuit model, it can be shown that increasing the

capacitance alone reduces the bandwidth and degrades the matching of the filter. Such an

effect is inherent in the filters of this type and the simulation results also predict it. In the

waveguide, however, another effect also adds to the problem; the lower the frequency is, the

steeper the incidence angle becomes. This is due to the center frequency getting closer to
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Figure 3.23: Waveguide measurement setup consisting of a VNA, cables, and WR-90 waveg-
uide sections. The FSS is placed in between the two waveguide flanges.

the cutoff frequency of the waveguide. Another trend shown in Fig. 3.24 is that as the FSS is

tuned down to lower frequencies, the deviation of the simulation from measurement becomes

larger. This issue is associated with the chip capacitors used. The Q-factor of the capacitors

decreases as their capacitance increases. In real scenarios where the FSS is operating in a

free-space environment near normal incidence, however, the insertion loss is expected to be

improved by at least 1 dB.

The measurements show the frequency tuning using fixed-valued capacitors. For real-

time tuning, however, surface-mount varactors are needed. The major problem associated

with varactors is the bias circuitry required for controlling individual varactors. Although

not tested experimentally, a possible approach is to use the loop array itself as the bias
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Figure 3.24: The measured transmissivity (solid lines) of the loop-wire FSS in waveguide
compared to the full-wave simulation results (dashed lines)- Altering the lumped capacitance
from 0.05 to 0.2 pF with a step of 0.05 pF decreases the center frequency from 11.5 to 8.5
GHz.

network for the inserted varactors recalling that the varactors are placed in the loops gaps

in both vertical and horizontal directions to maintain the symmetry. The single loop at the

top, right corner is connected to a voltage +v0, and the loop element on the opposite corner

(bottom, left) takes a zero voltage, thus reverse biasing the varactors in between. Assuming

reasonably similar varactors, a uniform voltage difference is expected to be established across

each two successive loops once moving from the top, right along the surface towards left and

bottom. The two corner loops should be RF-decoupled in order to bypass the voltage source

at the frequency of operation.

In practice, however, achieving a uniform voltage distribution across the surface might

not be feasible using the method described above given the tolerances of varactors. This

method in fact is undesirable since the surface is exposed to single-point failure risk. A

practical approach is to use a parallel resistive network [105]. This network simply consists

of chip resistors each of which is mounted in parallel with a varactor in the array. The value
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of the resistors is chosen such that the performance of the FSS is maintained. This will be

discussed in more detail in Chapter 5.

3.4 Chapter Conclusions

In this chapter, a new miniaturized-element frequency-selective surface comprising a wire-

grid and a loop-array is presented. A single substrate is used to generate a higher-order,

bandpass characteristic with tuning capability. The dimensions of the unit cells of the loop-

wire FSS can be as small as λ/12. The salient feature of the new structures is that their

frequency-selectivity is localized and thus suitable for moderate size antenna applications

at low frequencies. A higher-order frequency response is achieved by establishing proper

coupling between the inductive (wire-grid) and bandstop (loop-array) surfaces on either side

of the substrate. An accurate circuit model for the proposed design is developed that allows

for rapid optimization of a desired frequency response. The accuracy of the circuit model is

verified using a full-wave approach. The frequency characteristics of the FSS and its tun-

ing capability are measured through the free-space and waveguide experiment setups. The

expected bandpass characteristics of the FSS are verified. A wide tuning range, with a negli-

gible loss of performance, is demonstrated by altering the capacitance of the chip capacitors

interconnecting the loops. A good agreement between the simulations and experimental

results is observed.
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CHAPTER 4

Multipole Miniaturized-Element Frequency-Selective

Surfaces

This chapter presents a novel multipole miniaturized-element frequency-selective surface

having a very low thickness and a desired multipole frequency response [47]. For this de-

sign, new miniaturized FSS elements are developed to achieve a low thickness solution and

improved functionality. The proposed FSS enables implementation of higher order spatial

filters over low-profile conformal antenna arrays. First, design of a very thin, modified

miniaturized-element FSS producing a single-pole bandpass response and a transmission

zero is presented. The modified design is a single-sided circuit-board with a particular unit

cell consisting of a loop centered within a wire-grid. Next, using a similar metallic pattern

on the other side of a substrate, a dual-bandpass frequency response is produced. This re-

sponse is achieved by choosing proper dimensions for the loops and wire of each layer and

by appropriately positioning the layers with respect to each other. To establish a bench-

mark, dualpole FSSs using cascaded layers of a previously designed miniaturized-element

FSS (Chapter 3) are considered. In comparison with the benchmark, the modified dual-

bandpass design has only two metallic layers, instead of four, and a single substrate, instead

of three. The proposed multipole FSS is λ/240 thick which is six times thinner than the

benchmark structures. Moreover, the frequency response of the new FSS shows higher out-

of-band rejection values. Performance of the multipole screens is tested by fabricating FSSs

with maximally-flat and dual-bandpass responses and measuring their frequency responses
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using a standard measurement setup in a free-space environment.

4.1 Chapter Introduction

Frequency-selective surface (FSS) structures with multipole filtering characteristics have

been widely investigated in the microwave and millimeter-wave frequencies of the spec-

trum [1–3]. These surfaces have been often employed in the design of multiple-frequency

antennas like multiband reflector antennas [39, 40]. The multiband FSS used in these re-

flector systems forms a sub-reflector in addition to the large reflecting dish in the system.

Multiband FSS structures are commonly formed based on two methods. These methods ei-

ther combine (cascade) previously designed, single-band FSSs or use multiresonant elements

as the unit cells of the FSS. In [42], a stack of single-frequency FSSs is used to achieve a

multiband frequency response. In [43, 44], two identical resonant elements (double square

loop or double ring patch) are embedded in the unit cell to produce a multipole response.

Optimization algorithms have also been used to design and refine the unit cell geometry to

generate a desired multiband response [45]. Another method employs elements with fractal

shapes [46]. Given the self-similarity property associated with the fractals, the FSS made

up of such elements has the same geometry in multiple frequency bands. As a result, similar

effects are observed in different frequency bands, thus resulting in the multiband frequency

behavior of the FSS structure.

As discussed previously in Chapter 3, the first miniaturized-element bandpass FSS was

reported in [37] with the goal of decreasing the dependence of the frequency response of FSS

to the incidence angle of the incoming plane-wave. Another desired property was to localize

the frequency-selective properties, meaning that each element of the FSS can produce the

desired, filter behavior with minimal dependence on the neighboring elements. A solution

was obtained by designing an FSS structure with element dimensions on the order of a tenth

of the wavelength or smaller. This idea was tested and verified experimentally. Another

advantage of the miniaturized-element design lies in the fact that the interaction of the

surface and incoming plane-wave is predominantly in TEM mode. As a result, higher-order

Bragg modes are suppressed, and harmonic responses are eliminated [38].

76



In this chapter, we aim at developing a very thin, multipole frequency-selective screen

using the concept of the miniaturized-element FSSs developed in Chapter 3. To accomplish

this, a new high-order miniaturized-element FSS that can occupy only a single side of a

substrate is first introduced. This structure, which is similar to the two-sided structure

presented in [38], exhibits the desired characteristics including a single-pole passband and a

transmission zero. However, the new design has only one printed surface, and therefore, it

becomes more suitable for thin, multilayer applications. Next, the possibility of achieving

a two-pole behavior using a single, very thin substrate based on the new FSS element is

investigated.

Due to the nature of their interactions with the incident wave, the miniaturized surfaces

are shown to have equivalent, lumped circuit models. One advantage of having an accurate

model is that standard filter theory can be used to achieve a desired filter response by

combining FSS layers. Moreover, optimizations can be performed using a circuit simulator in

a reasonably shorter amount of time. The knowledge obtained from the circuit optimizations

then is used to design the physical surface faster using a full-wave simulator. In a way,

the circuit provides better initial starting values for the full-wave design. Throughout this

chapter, the behavior of the FSS structures in a multilayer fashion is physically described

and modeled using the circuit theory. Circuit models of the single-pole FSSs, based on which

the multipole FSSs are built, will be used to model the multilayer FSSs. The accuracy of the

circuit models is verified using the full-wave simulation results. Supported by measurements,

it will be shown that the miniaturized-element surfaces are in fact very versatile in achieving

desired frequency responses.

4.2 A variation of the Loop-Wire Miniaturized-Element

Frequency-Selective Surface: A Single-Sided Sur-

face

It is well established that multipole FSS structures can be designed by cascading a number

of single-band FSSs. Although this method is straightforward, it might be undesirable as
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the layer thickness increases and the fabrication process becomes cumbersome. The latter

factor is especially important if the individual single-band FSS layers have reactive, lumped

elements in their design.

To address these two main concerns, an FSS element with just a single metal face is

proposed. The new element also generates the desired response without the need for lumped

capacitors unlike the original two-sided miniaturized-element FSS design presented in [38].

To introduce the new miniaturized FSS element, we need to revisit the fundamental

behavior of the miniaturized-element FSS provided in Chapter 3. A single-pole miniaturized

FSS is composed of a loop array backed by a wire grid printed on opposite sides of a typically

very thin (0.005 in) substrate. Unlike traditional FSSs, the miniaturized element has a very

accurate lumped-element circuit model that makes the filter synthesis process very easy.

The circuit model and a thorough physical explanation of the wave interaction with the FSS

can be found in Section 3.3.2 of Chapter 3. It was shown that this FSS structure could be

modeled as a series L− C (representing the loop-array) placed in parallel with an inductor

(modeling the metallic grid). It was also discussed that the high-order frequency response of

the FSS layers is achieved through the appropriate electric and magnetic coupling between

Figure 4.1: The First Modified (Single-Sided) Loop-Wire Miniaturized-Element FSS- The
unit cell of the FSS composed of square loops, in gray, and a wire grid, in black, both on the
same side of a thin substrate.
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two faces of the FSS. The layers’ coupling is controlled by changing the lateral placement of

the layers with respect to one another as well as the distance between the layers.

To reduce the two-sided FSS into a single-face FSS, we placed the loops and the wire-grid

on the same plane as shown in Fig. 4.1. As shown, each loop is surrounded by the traces

of the grid. For this topology, the circuit model shown in Fig. 4.2 is proposed. Similar

to the model for the loop-wire FSS, this circuit essentially consists of a notch branch in

parallel with an inductor. There are, however, differences between the circuits since the wire

and the loops in the modified, single-face FSS are placed on the same side of the substrate.

One major difference between the single-face and the two-face (loop-wire) FSS is the lack of

the series (junction) capacitor between the loop and wire layers in the single-face structure.

In addition, the magnetic coupling coefficient is changed, and a free parameter that could

control the magnetic coupling (spacing between the loop and the grid) is lost.

Circuit analysis shows that a bandpass response can be achieved by the arrangement

provided in Fig. 4.2. Although using a different (weaker) coupling process, this circuit can

be tuned to achieve characteristics similar to those of the original loop-wire FSS. This is

accomplished by manipulating the values of the reactive elements of the circuit model to

compensate for the effects of the weaker mutual coupling. However, the single-face FSS’s

model, working as a stand-alone bandpass filter, has a lower selectivity compared with the

circuit model of the loop-wire FSS.

Figure 4.2: Equivalent circuit model for the modified (single-sided) loop-wire miniaturized-
element FSS.

In order to analyze the performance of the modified miniaturized-element FSS, first let us
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examine the equivalent circuit model of the modified FSS. This will give us a good estimate

of the behavior of the actual FSS in a free-space environment. Moreover, the circuit analysis

helps us to start the full-wave simulations with a better insight and initial values closer to

the optimized values. In the model shown in Fig. 4.2, the gap between the loop and the wire-

grid is represented by two series capacitors, Cg. For a given incident polarization, the loop

traces that are parallel to the electric field are modeled by an inductor, L1. Also, inductor

L2 represents the wire-grid, shown in black in Fig. 4.1. The overall circuit model, as a result,

consists of two coupled branches: a series L−C branch (L1 and Cg) modeling the loop-array

and an inductive branch (L2) modeling the grid. The coupling of the branches is denoted

by K in Fig. 4.2.

Table 4.1: The Circuit Model Values for the Single-Sided Loop-Wire Miniaturized-Element
FSS

Cg L1 L2 K Zo

0.21 pF 3 nH 2.65 nH 0.4 377 

Table 4.2: The First Modified (Single-Sided) Loop-Wire Miniaturized-Element FSS’ Static
Design Parameters at X-Band for Free-Space Operation

s w t r D x× Dy

0.1 mm 0.106 mm 0.365 mm 0.125 mm 2.2 6.9 mm × 6.9 mm

Design of the single-sided FSS begins with testing its expected circuit model in order to

determine the requirements of producing a bandpass behavior using the model. Table. 4.1

shows the optimized circuit values leading to a bandpass frequency response. Given this

model, approximate inductive and capacitive content required for the FSS to generate a

bandpass response, similar to that of the model, are determined. After choosing the values
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Figure 4.3: The First Modified (Single-Sided) Loop-Wire Miniaturized-Element FSS- Full-
wave simulations (Table. 4.2) are well predicted by the circuit model simulations (Table. 4.1).

of the circuit parameters that enable a bandpass characteristic at X-band, the unit cell shown

in Fig. 4.1 is optimized. This process is done using the full-wave solver and our knowledge

gained from the previous work. The designed values for the single-face FSS are provided

in Table. 4.2. The full-wave simulation results using Ansoft HFSS, compared to the circuit

simulations using ADS, are shown in Fig. 4.3, demonstrating a good agreement between the

results of analyses. This modified version of the loop-wire FSS is a spatial surface with a

bandpass filter response comprising a passband and a transmission zero. At low frequencies

the filter behavior is inductive and is dominated by the wire-grid (inductor L2). As the

frequency is increased, this inductive characteristic encounters a capacitive effect created by

the notch. The bandpass behavior is achieved at the frequency where the capacitive and

inductive effects reach to a balance. In other words, the passband is enclosed by an inductive,

lower-frequency part and a notch (transmission zero).

Due to a higher external coupling, only a wide passband can be achieved by the single-face
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FSS. Further increase in the selectivity of this filter is possible by sacrificing the insertion

loss. For instance, increasing the wire width decreases the inductance L2 (Fig. 4.2), thus

pushing the lower frequency part of the transmission response higher in frequency. This shift

in frequency squeezes the passband since the notch frequency is fixed. Similarly, one can

push the notch further down in frequency, while keeping the lower part fixed, in order to

achieve a narrower response.

Although being less selective, the modified FSS maintains the desired bandpass features

required here. In addition to a passband, the FSS response has a transmission zero that pro-

vides a fast roll-off at upper band frequencies of the frequency response (see Fig. 4.3). Being

a single-sided structure, the new, modified element can be utilized in design of multilayer

FSS structures. This surface, as will be discussed below, enables the design of multipole

FSS structures with a very low thickness. This will be discussed in the next sections where

the design process of multipole FSS structures based on the modified and original, [38],

single-pole FSS structures is presented.

4.3 Multipole, Cascaded Frequency-Selective Surface

Screens

A common technique in filter theory for achieving a higher-order filter response, as men-

tioned above, uses a number first-order resonators and have them couple with each other.

By tuning the resonators as well as the levels of coupling, the multi-order characteristics of

the filter is adjusted.

The multipole characteristics of the miniaturized-element FSS structures, the loop-wire

and the modified (above), in a cascaded fashion is studied in this section. Two scenarios

are considered here: First, layers of the original loop-wire FSS presented in Chapter 3 are

used as the building-blocks of a dual-pole surface. Unlike the FSSs presented in Chapter 3,

the layers constructing the multilayer FSSs here are bare circuit-boards without any lumped

capacitor. Second, a dual-pole surface is built using two layers of the modified, single-face

FSS introduced in the previous section. In a way, the first, two-pole FSS constitutes a frame
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of reference (benchmark design) based on which the performance of the modified, dual-pole

FSS is evaluated.

4.3.1 Benchmark Design: Multipole Surfaces Based on the Double-

Sided, Loop-Wire Surface

Building-Blocks of the Multipole Surfaces: A Capacitor-Free, Loop-Wire Surface

In this section, multipole FSS structures based on an existing (loop-wire) miniaturized-

elements FSS layer are considered. As mentioned above, lumped capacitors interconnecting

the loops in the FSS design reported in [38] cause inevitable fabrication problems for multi-

layer structures. To circumvent this problem, we modified the design slightly to reduce the

required, lumped capacitance such that the gap capacitance itself is sufficient to maintain

the filter characteristics. In this process, the unit cell size had to be increased from λ/12 to

λ/9. After eliminating the lumped capacitors, multipole FSS structures can be fabricated

easily.

Table 4.3: The Capacitor-Free, Single-Pole Loop-Wire Miniaturized-Element FSSs’ Static
Design Parameters at X-Band for Free-Space Operation

s w t r D x× Dy

0.15 mm 0.15 mm 1.2 mm 0.125 mm 2.2 4.4 mm × 4.4 mm

Table 4.4: The Circuit Model Values for the Capacitor-Free, Single-Pole Loop-Wire
Miniaturized-Element FSS

Cg L1 L2 L3 Cs K

0.2 pF 0.6 nH 0.42 nH 0.055 nH 69 fF -0.6 

The parameters of the single-pole FSS are listed in Table 4.3. As usual, s is the loop
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spacing; δ is the width of the traces of the loops; w is the wire width; and t is the substrate

thickness. Fig. 4.4(a) shows the circuit model for this two-face FSS which was previously

discussed in Section. 3.3.2 in Chapter. 3. The circuit values are provided in Table 4.4. Using

the design values provided in Table 4.3, the two-face FSS was characterized using a full-wave

simulator. Similar analysis was performed using a circuit simulator for the case of the circuit

model given the parameter values of Table 4.4. Comparison between the HFSS (full-wave)

Figure 4.4: The capacitor-free, single-pole miniaturized-element FSS at normal incidence-
(a) The circuit model (b) Full-wave numerical simulations performed using the values of
Table. 4.3 are compared with the circuit simulations using the values used in Table. 4.4. A
passband and a transmission zero are produced.
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simulations and the ADS (circuit model) simulations is demonstrated in Fig. 4.4(b), showing

a good agreement between HFSS and ADS.

Optimization and Assembly for a Dual-Pole Operation

The multipole FSSs are constructed in a straightforward fashion by cascading layers

of single-pole, loop-wire FSS. A dielectric spacer is also placed between the FSSs. In the

multilayer FSS process presented here the only parameters used for optimization are the

spacer thickness and the lateral placement of the single-pole FSSs in the stack (multilayer

FSS). As will be discussed below, these parameters control the coupling of the building-

blocks (single-pole FSSs). The individual layers of FSS have fixed parameters, as listed in

Table 4.3, which are not changed in the multilayer design process.

The electrical and physical thickness of the spacer and the lateral position of the FSSs in

the stack tune the coupling between the layers. Obviously, increasing the separation distance

between two resonators decreases the coupling between them. As a result, spacer thickness

controls the magnitude of the mutual coupling coefficients. Moreover, the thickness changes

the junction capacitance, if there is any, formed between the layers. The relative lateral

position of the layers, as mentioned above, can also manipulate the coupling mechanism.

However, such manipulations change the coupling in a more involved fashion. Given the

very small size of the unit cell dimensions and the closeness of the layers, a quasi-static

approach appears to be adequate to solve the problem. Simply, pairs of inductive traces that

are magnetically coupled should be located. Two traces are coupled if one trace intersects

the magnetic field of the other trace and vice versa. As a result, we need to have a sketch

of the magnetic field distribution in the near-field of each trace. Given the incident wave

polarization, the electric current distribution (direction) on the thin traces is known. Given

the current direction, the right hand rule can be used to determine the direction of the

circulating magnetic field around each trace.

Given the physics of the mutual inductance and the symmetry of the periodic structures

(FSS), the magnetic interaction of two metallic FSS screens placed at a close distance to one

another can be understood. For example, consider two wire-grids printed on either side of a

thin substrate. In one experiment, the layers have no lateral shift, and in another, the wires
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Figure 4.5: The mutual coupling effect of two overlapping metallic grids- The top and
bottom sides of the unit cells are shown separately. (a) No coupling is observed if the grids
are translated laterally by a half the unit cell size. As shown, the wire shown at the bottom
(from the bottom side of the unit cell) is between the two traces from the top side of the unit
cell. The top traces have the same electric current distributions because of the symmetry
of the periodic, infinite structure. These same currents produce the same magnetic fields
in opposite directions at any point on the bottom trace in the middle. As a result, by
superposition the overall coupling effects becomes zero. (b) If the wire-grids are right on top
of one another, the coupling is maximum.

are translated by half of the period along the two orthogonal directions on the wires’ plane.

In the first case with completely overlapping wires, the wires are highly coupled, whereas in

the second experiment, the layers are uncoupled. This difference can be explained by taking

a closer look at the unit cell of these arrangements. The first unit cell has an even symmetry,

while the second experiment uses an odd symmetry. Although individual traces are coupled

with one another, but the effect of each trace, belonging to a grid, on the opposite grid is

canceled by another trace belonging to the same grid. This is demonstrated in Fig. 4.5. It

should be mentioned that the coupling is a close-distance effect, and therefore, only traces

inside the same unit cell contribute to the coupling of the grids in that unit cell area. In other

words, the interaction between different sides of different unit cells in the array is negligible.

As mentioned above, the mutual coupling is the key optimization parameter in the multi-

pole circuits provided here as examples of multilayer FSS design. Two dual-pole circuits are

demonstrated: 1) the two single-pole FSS screens are translated symmetrically by half of

a unit cell size with respect to each other (the center of a unit cell of the FSS sitting on
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Figure 4.6: Stacked miniaturized-element FSS. (a) Array of four unit cells including two
layers of wire grid in black and two layers of loop array in gray. (b) Assembly of the layers
in the stack.

top and the corner of a unit cell of the other FSS sitting at the bottom overlap) and 2) the

two FSSs are put together without any translation (lateral shift). This way, the variation

in the coupling coefficient is used to split the poles to get a dual-band response or to bring
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the poles close to each other to produce a maximally-flat response. Fig.’s 4.6(a) and 4.6(a)

show the geometry of the unit cell including its parameters for the dual-pole FSSs and the

a way the layers of FSS are assembled, respectively As shown in this model, the multilayer

structure has a center of symmetry located at the center of the spacer box. For example,

both top and bottom layers of the structure are covered with the same loop-arrays.

Modeling and Analysis of the Dual-Pole Surfaces

The dual-pole surfaces introduced in the previous section employ two, same layers of the

loop-wire FSS whose circuit model is already known. Two such circuits placed in parallel

are expected to be able to model the two-pole FSSs, otherwise the circuit analogy of the

FSS structures becomes inconsistent and therefore incorrect. The two circuits must be also

coupled with each other in order to account for the effect of closeness of the loop-wire FSSs in

the stack. Given the accurate circuit and full-wave simulations, it turned out that the circuits

constructed this way to model the dual-pole FSSs are in fact very accurate. Fig.’s 4.7(a)

and 4.7(b) show the equivalent circuit models for the dual-pole FSS when the two single-pole

FSSs are cascaded with and without a lateral offset, respectively. Each model cascades two

circuits which are identical and have been developed previously to describe the single-pole

FSS (see Table 4.4 and Fig. 4.4(a)).

The key difference between the cascade models is the magnetic mutual couplings between

the elements. As mentioned above, the two-pole FSS has a dielectric spacer which is sand-

wiched between the two FSSs. Because of the very low thickness of the spacer, the single-pole

FSSs (circuits) are coupled with each other. To model the interaction between the FSSs, the

two-pole circuits include a new coupling coefficient, K2, in addition to the elements of the

single-pole circuits. These circuits also have other elements accounting for the spacer itself

including Z1 = Z0/
√

εr and l as the electrical length of the spacer. As shown in the models,

the lateral position of the FSSs changes the coupled inductors (K2) each of which belonging

to one of the two single-pole circuits.

The next step is fine tuning the circuit-based design using a full-wave simulator. In this

process, the full-wave simulation is employed to find the proper thickness for the spacer in

order to produce the required pole-splitting. This thickness, for the dielectric constant of
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Figure 4.7: Equivalent circuit models of the multilayer, two-pole FSSs based on the single-
pole FSS in [38] at normal incidence: (a) The model for the multilayer design whose layers
have a lateral translation (half the cell size) with respect to each other. This dual-pole
circuit produces a maximally-flat bandpass response. The coupling coefficient between the
two FSSs is K2 = 0.27. (b) The model for the multilayer FSS whose layers have no lateral
shift with respect to one another. This circuit generates a dual-bandpass response. Coupling
coefficient for this circuit is K2 = 1. The transmission line modeling the spacer is the same
for both circuits and is characterized by: (Z1 = 260 Ω, l = 9o) at 10 GHz.

2.2, was found to be 0.02 in. The comparisons between the ADS simulations of the circuit

models and the results of the full-wave model are shown in Fig.’s 4.8(a) and 4.8(b). It should

be emphasized here again that in the cascade models, only the elements representing the

effects of the spacer (K2 and l) are tuned to achieve the best fit between the circuit and

full-wave results. As demonstrated, the circuit models remarkably predict the behavior of
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Figure 4.8: Full-wave numerical simulations for the multilayer, two-pole FSSs based on the
single-pole FSS in [38] at normal incidence compared to the results achieved by simulating
the circuit models of the FSSs (see Fig.’s 4.4(a) and 4.4(b)). (a) The multilayer design with
the lateral shift (half the cell size) - This dual-pole FSS produces a maximally-flat bandpass
response. (b) The multilayer design whose layers have no lateral translation with respect to
each other- This FSS generates a dual-bandpass response.
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the FSS structures in the multilayer fashion, thus showing the consistency of the lumped

circuit-modeling approach.

4.3.2 Improved Design: A Multipole Surface Based on the Single-

Sided Surface

As mentioned above, our objectives here are reducing the thickness of multipole FSS

designs, lowering the complexity and cost of fabrication, and improving the performance.

The multipole FSS structures introduced in the previous section are comprised of building-

blocks that are two-sided circuit-boards. As discussed previously, this might be impractical

for high-order FSS applications where a very low thickness is required. Moreover, the out-

of-band rejection for the dual-bandpass design (see Fig. 4.8(b)) is only slightly better than

10 dB, which cannot be further improved without sacrificing the in-band insertion loss.

In Section 4.2, the geometry and behavior of the modified miniaturized-element FSS, as a

Figure 4.9: Two periods (unit cells) of the dual-bandpass FSS comprised of two modified,
single-face miniaturized-element FSSs on either side of a substrate. Index 1 marks the top
layer, whereas index 2 is used for the bottom layer. The loops are in gray and the wires are
in black.
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variation of the loop-wire FSS, was discussed. Through numerical simulations, it was shown

that this single-face FSS, similar to the original loop-wire FSS, is able to generate our desired

frequency response consisting of a passband and a transmission zero. In this section, the

multipole performance of this modified surface is investigated. Similar to the case previous

multilayer surfaces, the cascade method is employed to achieve a desired multipole frequency

characteristic. The modified FSS is expected to allow for a major reduction in the thickness

of the multipole FSS structures. A dual-pole version of modified multilayer FSSs is provided

next.

A very thin dual-bandpass surface can be designed by printing two modified layers on

either side of a single substrate. A picture containing two unit cells of this dual-pole surface is

shown in Fig. 4.9, including the parameters of the structure. For this two-sided arrangement,

the overall thickness is only 0.006 in. One side of the substrate is covered with the first

modified FSS presented in Section 4.2. The parameters of this layer are provided in Table. 4.2

Figure 4.10: The second modified (single-sided) loop-wire miniaturized-element FSS- The
physical parameters of this FSS are: s = 0.48 mm, δ = 0.34 mm, w = 0.54 mm, t = 0.125
mm, εr = 2.2, and Dx = Dy = 6.9 mm. Full-wave simulations are well predicted by the circuit
model simulations. The values of the parameters of the circuit model shown in Fig. 4.2 are:
Cg = 0.1 pF, L1 = 2.6 nH, L2 = 2.6 nH, K = 0.05, and Zo = 377 Ω
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above. For the other side, another modified FSS is used which has different values for its

structure parameters. This layer is named the second modified FSS. The frequency response

of this FSS is shown in Fig. 4.10 which also includes the values of both physical parameters

and the circuit model parameters of the FSS. As demonstrated in Fig. 4.9, the two layers are

laterally shifted with respect to one another by half of a unit cell in both x̂ and ŷ directions.

The simulation results for the dual-pole FSS made up of the two single-face FSS structures

are shown in Fig. 4.11, demonstrating a remarkable improvement in terms of the out-of-

band rejection compared to the benchmark FSS. Similar to the previous multilayer FSSs,

equivalent circuit model for this two-pole FSS can be simply obtained by cascading the

circuit models of its individual layers (the two modified FSSs) and incorporating appropriate

coupling coefficients into the circuit to model the interactions between the layers. Given the

small distance between the layers, the two single-sided FSSs used in this design are highly

coupled. The new elements accounting for the coupling of the layers are K3, K4, and K5

Figure 4.11: Full-wave numerical simulations for the two-pole FSSs based on the single-
pole, single-face FSS at normal incidence compared to the results achieved by simulating the
circuit model of the FSSs. This dual-pole FSS produces two passbands and two transmission
zeros.
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Figure 4.12: Equivalent circuit models of the two-pole FSSs based on the single-pole, single-
face FSS at normal incidence- The right half of the circuit is the first single-face whose
values are provided in Table. 4.2, whereas the left half of the circuit is the second single-face
FSS with parameters shown in Fig. 4.10. The coupling between the two single-pole circuits
(single-face FSSs) is shown through the coefficients K3 = 0.1, K4 = -0.05, and K5 = 0.15.
The substrate is characterized by: (Z1 = 260 Ω,l = 10o) at 10 GHz.

, as shown in the circuit model (Fig. 4.12). Using exactly the same values provided above

for the circuit models of the layers, this circuit well predicts the full-wave simulation results

(see Fig. 4.11). It should be emphasized again that this dual-band FSS is six times thinner

than the four-layer, dual-band FSS (benchmark) shown above.

4.4 Measurement

The FSS structures based on the benchmark design and the proposed improved design

were fabricated by the standard commercial etching of 1/2 Oz. copper on 0.005-in-thick

Arlon, [112], DiClad 880 substrate (εr = 2.2, tan δc = 9E -4). For the benchmark design,

two single-pole, 6-in × 6-in, loop-wire FSS screens, without lumped capacitors, were stacked

together with a spacer (0.02-thick substrate of the same kind) that was placed between the

two screens. The FSS layers and the spacer were then bonded together by a 0.001-in-thick

FEP Teflon. The overall thickness in the dual-pole arrangement is λ/40. Fig. 4.6(b) shows

the assembly drawing. As shown, a dual-pole version of this design type has four printed

layers. One of the fabricated benchmark, dual-pole FSSs is shown in Fig. 4.13. The improved

dual-band design presented in the previous section was also fabricated using a single DiClad
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Figure 4.13: Dual-pole, benchmark FSS fabricated using the standard etching process for a
free-space transmission measurement- The picture shows the design with the maximally-flat
response.

880 substrate. The fabricated surface, which is only λ/240 in thickness, is shown in Fig. 4.14.

Through a standard transmission measurement in the free-space environment, the per-

formance of each multipole surface was tested. The measurement setup consists of a lens-

corrected horn antenna for creation of a uniform phase front over a finite aperture, and a

high-gain antenna in the far-field. The surface is placed adjacent to the lens-horn, and the

receiving antenna is in the far-field region of the horn and the surface [38].

The measurement result for the benchmark, stacked FSS with laterally offset layers is

shown in Fig. 4.15. This FSS, as shown, has a maximally-flat, two-pole bandpass frequency

response with a high-frequency roll-off rate of 40 dB/GHz. The measured result, compared

with the simulation, for the dual-band benchmark FSS with no offset is provided in Fig. 4.16.

The measured transmission coefficient validates the simulations, exhibiting two passbands

in the frequency band of 7–12 GHz. The performance of the modified, dual-band design

is provided in Fig. 4.17. As shown, the selectivity is improved with a reduced number of

metallic layers compared to the benchmark, dual-band FSS. The agreement between the
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Figure 4.14: Modified dual-pole FSS fabricated using the standard etching process for a
free-space transmission measurement.

Figure 4.15: Measurement against simulation- Dual-pole, maximally-flat, benchmark FSS
with the thickness of λ/33 (Fig. 4.8(a)).
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Figure 4.16: Measurement against simulation- Dual-bandpass, benchmark FSS with the
thickness of λ/33 (Fig. 4.8(b)).

Figure 4.17: Measurement against simulation- Dual-bandpass, improved FSS with the thick-
ness of λ/240 (Fig. 4.11).
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simulations and the measurements verifies the accuracy of the design process.

4.5 Chapter Conclusions

A new, bandpass miniaturized-element FSS is studied as the building-blocks for multi-

bandpass FSS structures. Two design approaches are considered, which are: 1) a benchmark

design using previously designed FSS layers that achieves multipole behaviors by cascading

the layers separated by dielectric slabs and 2) a very thin design based on a cascaded, new

miniaturized-element FSS that uses a single-sided circuit-board. Despite having a simple

and straightforward design process, the first multipole FSS is rather thick (0.037 in for a

dual-pole surface) with a relatively poor out-of-band rejection in the dual-band arrangement.

The dual-pole FSS of the second type, in contrast, has a thickness of only 0.006 in, which

is six times thinner compared to the first type. Prototype samples of both types were fab-

ricated, and performance of each design was tested against experiments. It is shown that

much higher out-of-band rejection can be achieved using the second approach.
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CHAPTER 5

Fully Reconfigurable Miniaturized-Element

Frequency-Selective Surfaces

A reconfigurable miniaturized-element frequency-selective surface is presented in this

chapter [105]. A standard waveguide measurement setup is used to evaluate the performance

of the design. The proposed FSS consists of two periodic arrays of metallic loops, with

the same periodicity, on either side of a very thin dielectric substrate. The tuning of the

reconfigurable surface is shown numerically to be possible by incorporating tuning varactors

into the structure. Using varactors on both layers, a reconfigurable frequency response is

achieved, which has two modes of operation: bandstop and bandpass. In addition to two

completely different modes of operation, the center frequency, as well as the bandwidth of the

response can be tuned independently. Frequency tunability with a constant bandwidth over

3–3.5 GHz is shown. A bandwidth tuning at a fixed center frequency is also demonstrated.

Simulation results are verified experimentally by fabricating prototypes of the design at

S-band loaded with lumped capacitors. To demonstrate the tunability, different pairs of

fixed-valued capacitors, as opposed to varactors, are used in a waveguide measurement setup

to avoid difficulties associated with biasing varactors in the waveguide.

5.1 Chapter Introduction

Frequency-selective surfaces (FSSs) that provide spatial filtering have been widely used

for radar and satellite communications [1–3, 39, 41]. FSS applications in radar primarily
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concern radar cross-section (RCS) reduction, whereas applications in wireless concern RF

interference (RFI) mitigation. With the advent of multifunctional systems, the need for

spatial filters having agile frequency characteristics is on the rise. Here, frequency agility

refers broadly to tunability for band selectivity and change in filtering function (e.g., change

from bandpass to stopband, etc.), and hence the name reconfigurable FSS. Tunable frequency

filters have been the subject of research over the years. Besides mechanical tuning, a common

approach for tuning is based on solid-state varactor diodes [98–101], which construct an

electronically tunable filter. Reconfigurable FSS surfaces usually use a similar approach;

either microelectromechanical systems (MEMS) capacitors [95, 96] or varactors [104] are

incorporated into a traditional FSS structure to achieve tunability over a narrow bandwidth.

In Chapter 3, a metamaterial-based FSS proving a high-order bandpass characteristic

was proposed. This FSS, which is composed of a thin substrate supporting an array of

sub-wavelength periodic loops on one side and a wire-grid on the other side, was shown to

have a passband with a transmission zero frequency response [38]. Important features of

the metamaterial FSS are: 1) insensitivity of frequency response to the angle of incidence

and 2) having a harmonic-free frequency response. It was also shown that the frequency

response can be tuned by placing a varactor between each pair of neighboring loops in the

array. Altering the capacitance of the varactors tunes the frequency of transmission zero,

thus sweeping the response in frequency [82]. This design, however, does not allow for a

simultaneous control over both center frequency and bandwidth, as there is only one degree

of freedom (transmission zero). The frequency response also cannot be changed from a

bandpass to a none-pass if so desired.

A reconfigurable miniaturized-element FSS is presented in this chapter in which not only

the bandwidth and the center frequency can be separately tuned, but also the response can

be transformed from bandpass to stopband [105]. This FSS has two arrays of loops printed

on either side of a thin flexible substrate. The tunability of the design can be achieved by

connecting the loops on each layer by varactors. In the following, the design procedure and

physical insight into the structure behavior are first presented. It will be shown that the

response of this FSS comprise two transmission zeros (two degrees of freedom), which enable

a very flexible frequency tuning. The results of a waveguide measurement are then compared
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to the numerical simulations to show the validity of the design procedure.

5.2 Design Approach

In this study, a tunable spatial filter whose frequency response can be switched between

bandpass and stopband is presented. The design approach begins with developing a realizable

concept for the desired reconfigurable FSS. It will be convenient if the filter response be

realizable from modular components to generate the desired frequency response over sub-

regions. This decomposition will allow structures associated with each sub-region be designed

and then brought together to make the desired filter response. In the following, an approach

is presented that allows an FSS to have variations in its mode of operation.

Consider a frequency response consisting of a passband region and two transmission zeros

(notches). The center frequency of the passband region is chosen to be between the notch

frequencies. Depending on the center frequency, as well as the positions of the notches, the

overall response can have two different shapes. In a normal case where the notch frequencies

and the center frequency are different, a bandpass response is specified. The bandwidth of

this response depends on the frequency separation between the notches (passband region

remains between the notches). In a sense, the difference between the notch frequencies

controls the bandwidth of the passband; the closer the notches, the narrower the bandwidth.

In addition to the bandpass shape, this frequency response can have another shape. Instead

of being different, if the notch frequencies overlap, the passband region disappears. In this

case, the response becomes a single notch.

The approach described above is taken in constructing a multimode spatial filter; as-

suming the notches being independently tunable, the resulting response can be switched

between bandpass and bandstop modes. In the bandpass mode, in addition, by tuning the

notch frequencies simultaneously, the FSS response can be swept over the frequency. Since

the notches can be tuned independently, this frequency tuning approach offers the oppor-

tunity to control the bandwidth independent of the center frequency. In the following, the

synthesis of such a response is described.

A miniaturized-element FSS design was recently introduced in [38]. This structure is

101



composed of two layers: an inductive wire-grid and an array of metallic loops. The array

of miniaturized loops, in isolation, has been shown to have a stopband characteristic. By

inserting lumped varactors in the gaps between the loops, a tunable notch response can be

produced. By cascading two such loop layers, a filter structure having two notch frequencies

in its response is expected. This structure has the potential to behave as a reconfigurable

FSS. As will be discussed below, a high-order bandpass characteristic can be obtained by

placing these layers very close to each other and establishing the proper coupling among the

loops on both sides of the substrate.

5.3 Design Specifications and Modeling

The reconfigurable FSS presented in this chapter is composed of two loop arrays. These

arrays are fabricated on either side of a substrate, thus constructing two parallel notch layers.

Each array by itself acts as a bandstop spatial filter. Given the reflective characteristic of

Figure 5.1: Reconfigurable FSS- Four-unit cells are shown; the gray loop array and the black
one are printed on opposite sides of the substrate. Varactors are marked by zebra-striped
squares (crossing points).
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the loop layers, other coupling mechanisms are needed to act in conjunction with loop arrays

to produce a bandpass response.

In the FSS design presented in [38], the proper coupling between the FSSs layers is

achieved by changing the separation distance of the layers (substrate thickness) and the way

the two sides are overlaid. It was shown that the thinner the substrate is, the larger the

coupling coefficient becomes, which results in higher -factor resonators. The relative position

of the layers, on the other hand, is responsible for pairing up the coupled inductive traces

over the two layers. In other words, the lateral position of the layers with respect to each

other determines which traces are coupled.

A similar approach is taken here to construct the reconfigurable FSS. The coupling be-

tween the loop layers is used to achieve a high-order effect needed to improve the passband

characteristics of the FSS. Four unit cells of the FSS (two overlapping loop arrays) are shown

in Fig. 5.1. The layers are translated laterally half a unit cell size with respect to each other

in both orthogonal directions (x̂,ŷ). To increase the influence of the coupling, a 0.005-in-thick

laminate is used for fabrication. For tuning, each array is loaded with varactors intercon-

necting each two consecutive loops in both x̂ and x̂ directions at the crossing point of the

Figure 5.2: Equivalent circuit model of the reconfigurable FSS consisting of two parallel
notch circuits that are coupled with each other through magnetic effects and capacitive
junctions.
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loops of one side and those of the other side. For modeling of the operation mechanism of

the FSS described above, a circuit model is introduced below.

A circuit model is a useful tool to describe the behavior of FSS structures that operate in a

quasi-static regime (metamaterial-based FSSs). One important feature of the miniaturized-

element FSS structures is that, unlike the traditional FSSs, they have equivalent-circuit

models. This drastically simplifies the design procedure. The equivalent-circuit model for

the loop-array is a series L − C circuit [83]. The inductor in this model represents the

inductance of the loops traces, and the capacitor models the gap between adjacent loops.

Having two parallel loop arrays, reconfigurable FSSs model essentially consists of two series

L−C branches, each representing one layer. A schematic of the circuit is provided in Fig. 5.2.

As shown, the circuit model has more elements than just two parallel series L − Cs. This

is due to the close proximity of the layers, which establishes electric and magnetic coupling

mechanisms between them. As discussed in Chapter. 3, the layers interactions (mixture

of electric and magnetic) are represented by series junction capacitors (Cs1 and Cs2) and

magnetic mutual couplings (K1 and K2). The series capacitors are expected to form at the

crossing points between the two layers. The magnetic coupling coefficients also represent the

magnetic interaction of the metallic traces of opposite sides. The choice of the coupled pairs,

as mentioned earlier, is based on the lateral position of the layers, as well as the symmetry

of the structure.

5.4 Measurement and Numerical Simulation Results

In this section, an optimization process using the equivalent circuit model and a full-wave

simulator is used to obtain a reconfigurable FSS for operation in the free-space environment.

To verify the design approach experimentally, prototypes of the surface are fabricated and

tested. For the experiment, the FSS structure is adapted to a waveguide measurement setup

at S-band [82]. This is due to the difficulties associated with the fabrication of a large-scale

free-space version of the surface, which requires a few thousands of lumped capacitors.
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5.4.1 Free-Space Numerical Simulations

To explore the feasibility of the approach, typical values are assigned to the circuit model

elements to test the expected frequency response of the surface, assuming the validity of the

model. Circuit simulations using ADS exhibit a bandpass frequency response composed of

two transmission zeros on either side of the passband. Next, to achieve operation at S-band,

the full-wave simulations using Ansofts HFSS are used to arrive at geometrical parameters

shown in Table. 5.1. In this table, δ denotes the width of the traces, s refers to the gap

width between the loops, t is the substrate thickness, and (Dx,Dy) are the periodicity along

x̂ and ŷ directions, respectively. Subscripts 1 and 2 are the indices of the layers.

The FSS design also includes choosing appropriate capacitance values that are incorpo-

rated into the design as surface-mount capacitors interconnecting the loops. Using capacitors

C1 = 0.12 pF (layer 1) and C2 = 0.4 pF (layer 2), full-wave and circuit simulations are per-

formed. The reconfigurable FSS generates a bandpass response including two transmission

zeros, which is well predicted by its circuit model, as demonstrated in Fig. 5.3). The values

Figure 5.3: Free-space simulations of the reconfigurable FSS using periodic boundary con-
dition (PBC) setup in HFSS at normal incidence compared to ADS circuit simulations. A
reference bandpass frequency response is achieved with C1 = 0.12 pF and C2 = 0.4 pF. In
this model Z0 = 377 Ω and Z1 = 260 Ω
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Table 5.1: Reconfigurable FSS’s Static Design Parameters at S-Band for Free-Space Opera-
tion

s1  , s2 1 2 t r D x× Dy

0.45 mm 0.125 mm 0.275 mm 0.125 mm 2.2 10.5 mm × 10.5 mm

Table 5.2: The Circuit Model Values for the Reconfigurable FSS at S-Band for Free-Space
Operation

L1 L2 L3 L4 K1 K2 Cs1 Cs2

Ct1

(=Cg1 + C1)

Ct2

(=Cg2 + C2)

10.26nH 5.37nH 0.97nH 0.51nH 0.13 -0.93 10fF 27fF 0.139pF 0.413pF 

Figure 5.4: Free-space simulations of the reconfigurable FSS using periodic boundary con-
dition (PBC) setup in HFSS at normal incidence. The center frequency tuning from 3.21
to 3.48 GHz, with a fixed bandwidth, compared with the reference response (Fig. 5.3) is
achieved with C1 = 0.2 pF and C2 = 0.1 pF.
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of the circuit elements are shown in Table. 5.2. These values are the result of a curve-fitting

process using ADS to get the best fit between the circuit response and the HFSS response.

To show the tunability, the same surface with parameters listed above is loaded with

different pairs of lumped capacitors. These values are achieved by gradually changing ca-

pacitances C1 and C2 from their reference values (Fig. 5.3) to get the desired response form.

The capacitances are chosen in order to demonstrate three different cases, which are: 1) to

change the center frequency of the passband while keeping the bandwidth fixed, C1 = 0.2

pF and C2 = 0.1 pF are chosen (see Fig. 5.4); 2) to change the bandwidth while the center

frequency is kept fixed, C1 = 0.1 pF and C2 = 0.45 pF are chosen (see Fig. 5.5); and 3) to

transform the response from a bandpass shape to a notch, C1 = 0.25 pF and C2 = 0.28 pF

are used (see Fig. 5.6).

Although only specific bandwidths and center frequencies are provided above, almost

any desired response (in terms of bandwidth and frequency of operation) can be achieved by

appropriately choosing the values of the capacitors (C1,C2). An important practical issue

Figure 5.5: Free-space simulations of the reconfigurable FSS using periodic boundary condi-
tion (PBC) setup in HFSS at normal incidence. The bandwidth tuning from 90 to 160 MHz
, with a fixed center frequency, compared to the reference response (Fig. 5.3) is achieved
with C1 = 0.1 pF and C2 = 0.45 pF.
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Figure 5.6: Free-space simulations of the reconfigurable FSS using periodic boundary condi-
tion (PBC) setup in HFSS at normal incidence. A response transformation compared with
the reference response (Fig. 5.3) is achieved with C1 = 0.25 pF and C2 = 0.28 pF.

here is the capacitance range that can be achieved by a varactor. The design presented in

this chapter takes into account this issue by manipulating other design parameters so that

a practical capacitance range from 0.1 to 1 pF is sufficient to produce desired frequency

responses.

5.4.2 Waveguide Measurement and Simulations

As mentioned earlier, fabrication of the reconfigurable surface for free-space testing is

rather costly. An alternative inexpensive approach is testing in a rectangular waveguide en-

vironment. For this measurement, the dimensions of the FSS screen need to be the same size

as the waveguide aperture, as this FSS covers the opening of a waveguide section. Another

waveguide section then covers the other side of the FSS to create an isolated waveguide path

with an FSS in the middle of the path. To measure the -parameters, the waveguide sections

are connected to a calibrated vector network analyzer.

Given the frequency of operation of the reconfigurable FSS (≈ 3.2 GHz), WR-284 stan-

dard waveguides are used for the measurement. To fit the FSS appropriately in the standard
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Figure 5.7: Waveguide prototype of the reconfigurable FSS compatible with WR-284 stan-
dard flange size.

waveguide [82], the unit cell dimensions (Dx,Dy) are changed slightly from their original

values (Table. 5.1) to Dx = 10.3 mm and Dy = 11.3 mm. An 8720D network analyzer is

used in this measurement, which is accurately calibrated using a full two-port calibration

kit. The range of validity of this calibration is 3–3.5 GHz. A prototype of this circuit is

fabricated through a standard etching of copper on a 0.005-in-thick Taconic, [113], TLY5

substrate (Fig. 5.7). The two same circuit-boards are then loaded with two different pairs

of capacitors; one pair for producing a bandpass response (C1 = 0.35 pF, C2 = 0.1 pF), and

another pair for generating a notch (C1 = 0.3 pF, C2 = 0.35 pF). The AVX, [114], Accu-P

capacitors (size 0201) used for fabrication have Q-factors ranging between 130-170 (depend-

ing on the capacitance value) at S-band. Having new periodicities, (Dx,Dy), the entire FSS

screen is simulated carefully in waveguide considering the substrate, copper, and capacitors’

losses.
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Figure 5.8: Measurement versus simulation in waveguide. This prototype shows the bandpass
characteristics of the reconfigurable FSS using C1 = 0.35 pF and C2 = 0.1 pF. The low
insertion loss in the simulation is the result of a small mismatch and the capacitor loss.

The measured results compared to the waveguide simulations are provided in Fig’s. 5.8

and 5.8, showing a good agreement between the simulation and measurement. As predicted

by simulations, the performance of the reconfigurable FSS is well preserved in the waveguide.

This is important, as the waveguide environment is rather different than free space. Two

major differences with testing an FSS in waveguide are the waveform and the incidence

angle of the incoming wave upon the surface. In waveguide, the FSS is excited with a wave

(TE10) that consists of two plane waves whose incidence angles are changing with frequency

from almost normal to very steep angles. Therefore, a lower performance compared to the

free-space case is expected. Specifically, this affects the insertion loss and bandwidth, as the

FSS was not optimized for waveguide operation. The point of validation here is to show

agreement between the simulation and the measurement.

The 3 percent offset observed in the center frequency of the measured response, shown

in Fig. 5.8, is well within the tolerance of the AVX capacitors (±0.02 pF). The simulated
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Figure 5.9: Measurement versus simulation in waveguide. This prototype shows the stopband
characteristics of the reconfigurable FSS using C1 = 0.3 pF and C2 = 0.35 pF. The frequency
shift is very likely because of the ±0.02-pF tolerance of the capacitors.

waveguide insertion loss of 2 dB is much higher than the expected insertion loss of 0.7 dB

of the same surface for the free-space operation (see Fig. 5.3). The narrower bandwidth in

the measured response of the stopband (Fig. 5.9) is attributed to tolerances of the lumped

capacitors, fabrication tolerances, and S21 calibration accuracies. It should be pointed out

that Fig. 5.9 is comparing very small quantities.

5.4.3 Free-Space Tunable Prototype Setup

In this section, the construction of the tunable FSS (loaded with a varactor) for operation

in a free-space environment is discussed. Unlike waveguide measurement, tunability test in

the free-space environment is rather easier and can be done using a simple resistive bias

network. A portion of the loop-array loaded with varactor diodes and biasing resistors is

provided in Fig. 5.10. The bias network uses the metallic loops as its circuitry, and therefore,
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no additional traces are needed. A surface-mount resistor with a proper value is placed in

parallel with each varactor. A regulated dc voltage source is then connected to the loop

in top-left corner. Finally, the loop sitting in the opposite side (bottom-right corner) is

grounded. To avoid disturbing RF operation of the FSS, RF chokes are used to make

connections between the FSS and source/ground.

Figure 5.10: Tunable FSS assembly for free-space application using varactors (black boxes)
mounted in the gap between the loops. For individually biasing the varactors, a surface-
mount resistor (gray boxes) is placed in parallel with each varactor. The resistor value is
much smaller than impedance of the varactor in dc and is also much larger than the ac
impedance of the varactor.

The bias resistance is chosen to be much smaller than the impedance of a reverse-biased

varactor diode in dc (≈ 1015 Ω). This way, the voltage across the varactor is determined

by the current flowing in the resistor in dc. As a result, a known dc voltage is established

for appropriate biasing the varactor. The bias resistance, on the other hand, should be
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large enough so that the ohmic loss of the resistor at high frequencies will be well below the

varactor loss. For this design, MA46H120 flip-chip GaAs varactors by M/A-COM, [115], are

intended given the chip size and capacitance range considerations. An MA46H120 varactor

has a Q-factor of ≈ 100 at 3 GHz. A lossy varactor can be modeled as a lossless capacitor in

parallel with a resistor. Given the Q-factor of 100, the parallel resistance (Q/wC) becomes

on the order of 105 Ω . With this calculation, an appropriate bias resistance could be ≈ 107

Ω.

As mentioned above, available varactors are limited by their Q-factors at high frequencies.

Varactors used to build the reconfigurable FSS, as a result, contribute to a lower performance

of FSS. With a Q-factor of ≈ 150, this loss was shown (Section 5.4.2) to be about 1 dB.

5.5 Chapter Conclusions

In this chapter, a novel reconfigurable FSS based on sub-wavelength (metamaterial) ele-

ments is presented. The structure simply consists of a two-sided circuit-board loaded with

lumped capacitors. It is shown that the frequency response of this structure can be easily

modified using lumped capacitances incorporated into the surface. This feature allows for

generating a fully tunable bandpass response. Through numerical simulations, it is demon-

strated that one can easily tune either the center frequency with a fixed bandwidth or tune

the bandwidth while keeping the center frequency fixed. It is also shown that the frequency

response of surfaces can be transformed from bandpass to bandstop by appropriately alter-

ing the capacitance of the lumped capacitors. These features of the proposed reconfigurable

surface are demonstrated through waveguide measurement of a prototype design loaded with

different pairs of surface-mount capacitors.
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CHAPTER 6

An Electronically Tunable Miniaturized-Element

Frequency-Selective Surface without Bias Network

A novel, tunable miniaturized-element frequency-selective surface that does not require

additional bias networks is presented in this chapter [108]. This spatial filter is composed of

two wire-grids printed on opposite sides of a substrate and connected to each other with an

array of varactors using plated via holes. Varactor diodes are positioned between the grids.

Via sections and metallic pads are fabricated and create a dc path for biasing the varactors

with the grids themselves. This configuration eliminates the need for any additional network,

and therefore resolves the design difficulties associated with the spurious response of the bias

network. An equivalent circuit model is developed to facilitate the design procedure. Full-

wave numerical simulations are used to validate the results based on the circuit model.

Simulations show that by altering the capacitance of the varactors from 0.1 to 1 pF, a

frequency tunability from 8 to 10 GHz with an almost constant bandwidth can be achieved.

6.1 Chapter Introduction

The ability to electrically tune or alter the frequency response is a practical feature in

design of spatial filters. Generating dynamic frequency behavior requires the reactive char-

acteristics of the FSS to change with a tuning voltage or current. The literature concerning

tunable FSS includes studies for the application of ferrite substrates [85–91]; some type of liq-

uid materials as the substrate [92]; and use of plasma instead of metallic traces [93]. Plasma
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elements, instead of metal, are used to create an FSS whose response depends on the state

of the plasma material. Also, the theory of tunability by using the GA algorithm to control

an array of switches is demonstrated in [94]. A more recent method, however, utilizes the

microelectromechanical systems (MEMS) technology to build capacitors or switches to vary

the shape of the unit cell [95–97].

A well-established method for tuning microwave filters uses solid-state diodes like varac-

tors diodes, PIN diodes, and Schottky diodes [98–101]. Previously, this approach has been

applied experimentally in the design of grid arrays (FSS) [53–55, 103]. The grid arrays are

FSSs with series resonance characteristics (L − C resonator) which were employed for ac-

tive beam control applications, i.e. beam shaping (by changing the phase of the incident

plane-wave) and wave amplitude control. For biasing the active components, these grid ar-

rays require a separate circuitry. This complementary circuit basically shorts all the grid

elements that are in the same row and connects them to a common dc voltage. The grid,

consequently, works only for the polarization perpendicular to its rows, and therefor, the

array is polarization dependent. Moreover, because of being of the type of L−C resonators

with reflective characteristics, such grids are typically less efficient in transmit mode (am-

plitude control). The reason for this low level of performance is that the bandpass spatial

filtering has not been the goal of the past work. Nevertheless, biasing the varactors properly

is still an area of on-going research because of the number of varactors needed to build a

tunable array. Also, a major difficulty in this research is the effect of bias network on the

frequency response of the FSS.

Switchable grid arrays loaded with PIN and Schottky diodes in larger scales were later

appeared in [56] and [57], respectively. These arrays yet suffered from the issues of biasing

and poor selectivity. A varactor-tuned, dipole-array FSS using a resistive grid for individually

biasing the varactors was proposed in [104]; however, the fabrication cost/complexity and

the loss associated with the bias grid remained a problem. Finally, in [105], a reconfigurable

FSS was provided with a simple method for individual biasing of the varactors. Although

being practical, this method required additional components (resistors) besides varactors,

thus making its design less cost-effective.

This chapter presents a tunable, bandpass frequency-selective surface with an embedded
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bias network. In this design, the varactors are biased in parallel and thus are controlled

individually.

6.2 Configuration and Operation Mechanism

The new FSS is a double-sided circuit-board comprised of two wire-grids built on opposite

sides of a very thin substrate. The unit cell drawing of this FSS is shown in Fig. 6.1. As

illustrated, the grids are laterally shifted with respect to one another by half of the unit cell

size in both x̂ and ŷ directions. A small pad is fabricated inside the grid that lies on front

side of the substrate. The pad is connected at a specific point to the bottom grid through a

metalized, vertical post (via). Finally, each unit cell is loaded with a varactor placed between

the pad and the grid surrounding the pad.

Figure 6.1: Unit cell drawing for the tunable FSS for operation in the free-space environment-
The FSS is comprised of two wire-grids translated with respect to one another by half of the
dimension of the unit cell. It also includes a varactor which is biased using the two grids
along with a pad and a via-hole that make a dc circuit for individual biasing of the varactor.

The bandpass characteristic of the proposed FSS structure can be described using circuit

theory: As shown in [5], the wire-grids are inductive which together with the varactor create

a circuit topology similar to that of the Wheatstone bridge. Equivalent circuit model of the

FSS is shown in Fig. 6.2. In this model, inductors L1 and L2 represent the metallic traces of
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Figure 6.2: Equivalent circuit model of the tunable FSS consisting of two parallel induc-
tive branches connected to one another through a capacitor (varactor) in the Wheatstone
bridge fashion. The FSS substrate is modeled as a small piece of transmission line with the
characteristics of (Z1 = 260 Ω,l = 5o) at 10 GHz.

the top grid, and L3 and L4 model the traces of the bottom grid. The varactor is shown by

Cv in the circuit. The pad behaves like a small piece of transmission line which is modeled

by inductor Lp and capacitor Cp [6]. Other elements of the circuit model are the inductor Lv

representing the via and the mutual inductance K. This mutual coupling is created as the

pad and the grid in bottom are overlaid on top of one another [47]. Given this arrangement

of inductors and capacitors, a bandpass response is produced if the bridge is unbalanced.

This happens when the ratio of the two inductors connected to the left terminal (L1 and L2)

differs from that of the two inductors connected to the right terminal (L3 and L4).

As described above, on one side all the varactors are connected to the top grid and on

the other side are attached to the bottom grid. Hence, by applying a dc voltage between the

two grids, all the varactors are biased at the same voltage (parallel biasing). Obviously, the

wire-grids are functioning simultaneously as the elements of the FSS and the bias network.

6.3 Design and Optimization

This section outlines the FSS design procedure deploying full-wave and circuit simulators.

The design goals include: 1) achieving a small unit cell dimension (≈ λ/10) in order to obtain

a better uniformity and thus less sensitivity to the incidence angle, as discussed in Chapter 3;

2) achieving a reasonably large tuning range while keeping the capacitance variations within
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a practical range (0.1–1 pF).

As mentioned earlier, ADS analysis of the circuit model reveals that a bandpass response

can be produced by the FSS provided that the bridge is unbalanced. This requirement can

be accomplished in practice by positioning the via so that the unit cell is asymmetrical

(unbalanced). The proposed unit cell is shown in Fig. 6.1. After finding an appropriate

place for the via, other design parameters are optimized to further improve the bandpass

characteristics of the FSS. The simulations use the periodic boundary conditions (PBC) in

Ansoft HFSS. This setup simulates a large array of unit cells on an FSS that are exposed to

a plane-wave incident at an arbitrary angle. The following simulations assume a plane-wave

polarized parallel to the pad. The effects associated with the dielectric/copper loss and a

finite Q-factor of the varactor are also included.

6.3.1 Optimized Tunable Frequency-Selective Surface

For operation at X-band, a unit cell size (Dx,Dy) of 4.8 mm is chosen according to the

insights gained from our previous work, [38], and to attain the afore mentioned design goals.

With such periodicity, the initial values assigned to the width of the wires (δt for top grid and

δb for bottom grid) become 0.1 mm which is well above the minimum feature size (≈ 0.05

Table 6.1: Tunable FSS’s Static Design Parameters at X-Band for Free-Space Operation

t b w t d r D x× Dy

0.24 mm 0.12 mm 0.5 mm 0.4 mm 3.73 mm 2.2 4.8 mm × 4.8 mm

Table 6.2: The Circuit Model Values for the Tunable FSS at X-Band for Free-Space Opera-
tion

L1 L2 L3 L4 Lp Lv K Cp l 

0.35 nH 1.73 nH 1.45 nH 0.17 nH 0.37 0.04 1  0 (10 fF) 5° 
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mm) that can be fabricated using the standard copper etching process. The optimization

is then focused on other parameters of the design including w representing the width of the

pad, d as the length of the pad, and t standing for the substrate thickness (see Fig. 6.1). The

substrate used is Rogers RT/duroid 5880 material, [111], with a 1/2 Oz. copper cladding.

Table 6.1 provides the optimized values for the parameters. Given these values, the frequency

response of the FSS was calculated using HFSS. The simulated results compared to those

obtained by ADS are given in Fig. 6.3, showing a good agreement between the FSS and its

circuit model. The circuit model values are shown in Table 6.2. These values are the result

of a curve-fitting process using ADS to get the best fit between the circuit response and the

HFSS response.

The tunability of the FSS is shown in Fig. 6.4. The frequency-band 8–10 GHz is swept by

varying the capacitance from 1 to 0.1 pF. Fig. 6.5 shows the scan performance of the FSS. The

FSS preserves its frequency-selective characteristic; however a lower selectivity is observed

while scanning at a 45o angle. In the next section, we present the results of sensitivity

analyses performed over other design parameters. These results are then interpreted using

Figure 6.3: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS at normal incidence compared to ADS circuit simulations- The HFSS and
ADS parameters values are provided in Tables 6.1 and 6.2, respectively.
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Figure 6.4: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS at normal incidence- Frequency tuning from 8 to 10 GHz with an almost fixed
bandwidth is achieved by changing the capacitance, Cv = 1, 0.3, and 0.1 pF; Qc = 25. The
larger the capacitance, the lower the center frequency of the passband.

Figure 6.5: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS- Scan performance of the surface at an angle of 45o (the thinner line) is
compared to the case of a normal incidence (the thicker line) with polarization along the
pad.
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the circuit model, demonstrating the accuracy of the model.

6.3.2 Sensitivity Analysis and Circuit Analogy

The FSS design approach is investigated in more depth in this section through a number

of sensitivity analyses. In addition to designing an FSS with optimum characteristics, such

analyses give insight into the behavior of the FSS which can also be explained qualitatively

using the circuit model. Given the knowledge obtained from the sensitivity analyses and the

circuit model, the behavior of the FSS can be predicted readily with some level of accuracy.

The optimization criteria, as discussed previously, consist of staying within the fabrication

limits while decreasing the unit cell size and minimizing the insertion loss. As for the filtering

characteristics, a roll-off factor of more than 10 dB/GHz around the center frequency of the

passband is sought. The sensitivity of the FSS’s response with respect to the pad length

is shown in Fig. 6.6. In these simulations, the length is varied slightly from the optimum

value of 3.73 mm. Increasing the length decreases the center frequency as a result of a larger

Figure 6.6: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS- Response sensitivity to the pad length (d) is shown for d = 2.93, 3.13, 3.33,
3.53, and 3.73 mm. Other parameters are set to: δt = 0.24 mm; δb = 0.12 mm; w = 0.5 mm;
Dx and Dy = 4.8 mm; Cv = 1 pF; Qc = 25.
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Figure 6.7: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS- Response sensitivity to the pad width (w) is shown for w = 0.1, 0.3, 0.5, 0.7,
and 0.9 mm. Other parameters are set to: δt = 0.24 mm; δb = 0.12 mm; d = 3.73 mm; Dx

and Dy = 4.8 mm; Cv = 1 pF; Qc = 25.

Figure 6.8: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS- Response sensitivity to top grid width (δt) is shown for δt = 0.14, 0.24, 0.34,
0.44, and 0.54 mm. Other parameters are set to: d = 3.73 mm; δb = 0.12 mm; w = 0.5 mm;
Dx and Dy = 4.8 mm; Cv = 1 pF; Qc = 25.
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bridge inductance, Lp. Fig. 6.7 shows the effect of the pad width which is also related to the

inductor Lp. A wider pad produces a smaller inductance [6], thus pushing the passband to

higher frequencies. Changing the pad dimensions also affects the shunt capacitance, Cp, to

some extent. However, for this structure, the inductive effect (Lp) dominates the change in

capacitance (Cp).

As mentioned earlier, a wire-grid produces an inductive response which depends on the

width of the traces constructing the grid. Wider traces result in lower inductance [5]. Ac-

cording to circuit model, decreasing the inductance (L1−4) increases the center frequency

of the response. Sensitivity of FSS to the width of the top and bottom grids is provided

in Fig.’s 6.8 and 6.9. As shown, the FSS demonstrates a little dependence on the changes

in the top grid (Fig. 6.8). The notch and the passband frequencies remain almost fixed.

However, the effect of smaller inductance predicted by circuit model is clearer at lower band

frequencies.

Fig. 6.9, however, shows a different, unexpected behavior. By increasing the width of the

bottom grid, the center frequency of the passband decreases. This behavior happens because

the bottom grid (L4) is coupled with the pad inductance (Lp). Decreasing L4 also decreases

the coupling coefficient (K) which in turn pushes the notch to lower frequencies according to

the circuit simulations. For this specific circuit, K is dominant over L4; therefore, the center

frequency goes down. Nevertheless, the effect of smaller inductance, i.e. shift to higher

frequencies, is observed again at the lower band frequencies (see Fig. 6.9).

Finally, the effect of the substrate thickness is provided in Fig. 6.10 which is also validated

by the circuit model. A thicker substrate corresponds to a longer transmission line, (Z1,l),

in the model. According to the circuit model, increasing the length of the transmission line

decreases the center frequency of the passband slightly. The full-wave simulations (Fig. 6.10),

however, predict a much faster change in the center frequency. This is because increasing

the length reduces the coupling between the wire-grids. Circuit model well verifies that

decreasing the coupling coefficient, K, changes the center frequency rapidly to smaller values.
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Figure 6.9: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS- Response sensitivity to the bottom grid width (δb) is shown for δb = 0.12,
0.22, 0.32, 0.42, and 0.52 mm. Other parameters set to: δt = 0.24 mm; d = 3.73 mm; w =
0.5 mm; Dx and Dy = 4.8 mm; Cv = 1 pF; Qc = 25.

Figure 6.10: Free-space simulations of the tunable FSS using the periodic boundary condition
setup in HFSS- Response sensitivity to the substrate thickness (t) is shown for t = 0.1, 0.2,
0.4, 0.6, and 0.8 mm. Other parameters set to: δb = 0.12 mm; δt = 0.24 mm; d = 3.73 mm;
w = 0.5 mm; Dx and Dy = 4.8 mm; Cv = 1 pF; Qc = 25.
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6.4 Chapter Conclusions

In this chapter, design of a tunable frequency-selective surface with sub-wavelength pe-

riodicity is presented. The tunability is achieved by using a solid-state varactor diode per

period. This research demonstrates a new architecture that enables biasing the varactors in

parallel without any external biasing circuitry. The concept for the new biasing architecture

consists of two wire layers along with connecting via sections built on a very thin substrate.

This simple, practical method allows for implementation of large-scale tunable surfaces with

high performance. The sensitivity analyses of different parameters in the numerical simula-

tions of the FSS structure verify the application of the new method.
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CHAPTER 7

A Super-Thin, Metamaterial-Based FSS-Antenna

Array for Scanned Array Applications

A new filter-antenna array design is presented in this chapter [109,110]. This design ap-

proach can be employed to simplify the vertical integration of array beamformers. Basically,

by placing a high-order filter, whose response is not sensitive to angle of arrival, in front of the

array elements, the need for integrating bulky RF filters behind each element is eliminated.

A new method for design of such phased-arrays is provided here in which the bandpass

filters are removed, and instead, a metamaterial-based frequency-selective surface is placed

directly over the antenna to perform the necessary filtering. The small spacing between the

frequency-selective surface and the antenna, which is as low as ∼λ/10, results in creation of

a compact filter-antenna design. The close proximity of the surface and the antenna is uti-

lized to achieve a proper coupling between the selective surface and the array for high-order

filtering without adversely affecting the gain or scan characteristics of the array. To test

the performance of this approach, a 9 × 9-element patch-array is fabricated and measured

at X-band. The array is then loaded with a 0.004 in-thick, single-pole frequency-selective

layer at a close distance on top. The measured received power as a function of frequency

exhibits an improved frequency selectivity (better than the frequency-selective surface or the

array alone). An improvement of about 200 percent in terms of selectivity (gain bandwidth)

and the frequency roll-off rate is observed once the array is covered with the metamaterial

surface.
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7.1 Chapter Introduction

Phased-arrays are antenna systems with electronically-steerable radiation capabilities.

Phased-arrays have been investigated and developed over the past decades because of their

effectiveness in designing and controlling desired radiation patterns. The electronic capa-

bilities of these antennas allow for generating narrow beams having low levels of side lobe

and reasonable scanning ranges. The basic concept of operation of phased-arrays can be ex-

plained using antenna array theory [7] in which a progressive phase shift is assumed among

the array elements. Changing the phase progression in an array can be imagined as mechan-

ical rotation of the array platform which consequently steers the beam pattern produced by

Figure 7.1: PAVE PAWS phased-array in Alaska. This 90-foot diameter radar installation
monitors the northern sky (photo courtesy of En. Wikipedia).
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the array antenna. A practical demonstration of the phased-array systems is provided in

Fig. 7.1.

Practical realization of phase control for individual elements of the phased-array is

achieved through an analog phase shifter placed on the path feeding each element. The

phase shifter, as a result, is the core technology that can enable implementation of phased-

array antennas. Advances in silicon technology over past years have enabled the creation of

low-cost, high-yield, on-chip phased-array transceivers with improved functionalities. In [62],

a fully integrated, 4-element phased-array receiver with on-chip antennas at 77 GHz imple-

mented in a 130-nm IBM SiGe BiCMOS process is presented. A 16-element, millimeter-wave

phased-array transmitter is developed in [63] using a standard 0.18-µm SiGe BiCMOS tech-

nology. This chip phased-array uses 4-bit RF phase shifters and is designed at Q-band

(40-45 GHz) for satellite communications. The array elements and the digital control units

are integrated on a chip area of 2.6 mm× 3.2 mm, thus achieving a high integration of

millimeter-wave phased-array elements.

Radiation performance of an array system is highly dependent on the number of elements

constructing the array as well as their spacing in the array. To maintain a high performance in

practice, a large number of closely-spaced elements are usually needed. These requirements,

from a practical perspective, pose numerous difficulties including fabrication complexity,

high power consumption, and cost. Another drawback in application of the phase shifters

is their limited range of tunability. Simple bias networks in practice are usually preferred

to avoid complicated circuitry to decrease the design risk factor. This consideration, in

addition to the limited tunability of the phase shifters themselves, in general limits the

applicability of the phased-arrays to one-dimensional, small-angle scanned array scenarios.

An alternative approach for generating a controlled, radiated beam has been proposed. This

method could offer enhanced scanning features as well as improved antenna performance [64].

This proposal has initiated a new area of research in antenna theory based on the digital

signal processing. The new method constructs a digital beamforming (DBF) array with

enhanced functionalities.

Digital beamforming is a powerful method to enhance the antenna performance. In DBF

the received signal from each array element is processed individually. These systems are
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Figure 7.2: A digital beamforming (DBF) array with multiple beams. The required signal
processing is performed in the beamforming network (BFN) box which is responsible for
controlling the scanning array antenna.

less complex since beamforming is not carried out using analog phase shifters. Signals are

simultaneously processed in the digital domain to generate a multitude of beams essential for

a variety of applications concerning both communications and radar systems (see Fig. 7.2).

These include fast adaptive interference rejection, ultra-low side-lobes, high resolution direc-

tion finding, etc. Cars, for example, could use multiple beams to communicate with or track

surrounding vehicles. Also, multiple beams could be used to quickly discern the direction of

best signal strength in high clutter environments.

DBF is most advantageous in its receive mode [64]. The features provided by DBF

in this mode include: improved adaptive pattern nulling; closely-spaced multiple beams;

array element pattern correction; antenna self-calibration and ultra-low side-lobes; super-
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resolution; and flexible radar power and time management.

Given the recent advances in microwave monolithic integrated circuits (MMICs), high-

speed digital electronics and signal processors, implementation of beamformers is practical

nowadays. The earliest reported DBF system is the ELRA phased-array radar in West

Germany [64]. However, the major drawback of the DBF approach is the cost of vertical

integration, i.e. each element of the beamformer requires its own transceiver chain consisting

of the amplifier, microwave filters, mixers, etc. In addition, the current silicon technology is

not capable of integrating all the components required in the transceiver chain on a single

chip. The microwave filters available to engineers are usually bulky and take up large volume.

Once used in design of a beamformer, such filters enforce a minimum limit (possibly larger

than λ/2) as for the spacing between the array elements. As a result, the grating lobes could

become inevitable.

7.2 Application of Planar, Periodic Structures as Su-

perstrate for Antenna Directivity Enhancement

Research on multilayer, dielectric superstrates in the past primarily concerns the antenna

gain or bandwidth enhancement [65–68]. A stack of electric and magnetic superstrate layers,

if arranged and chosen properly, is shown that can behave like a lens. Once placed on top

of a printed antenna, this stack of substrates bends the rays emanating from the antenna

and incident upon the interface of the substrate and the stack according to Snell’s law. A

transmission line modeling of the multiple layers can be used to choose the layers parameters

properly to achieve the highest gain [67].

Application of low-profile, periodic structures, as superstrates, in conjunction with planar

antennas has been also considered previously [69, 70, 72, 73] . The gain enhancement using

periodic arrangements is based on the same effects occurring in the process of gain improve-

ment using a reflector or a lens placed in front of an antenna. Both cases create a larger

radiating aperture compared to that of the antenna alone, thus achieving a higher gain. The

use of these structures instead of lenses or reflectors, however, allows for construction of

130



low-profile, high-gain antenna structures. Research in this area includes studies on electro-

magnetic or photonic bandgap (EBG or PBG) structures [69,70,72] and frequency-selective

surface (FSS) structures [73].

The structure presented in [70] is further studied in a follow-up article in [71]. This

EBG is composed of an array of cylindrical dielectric rods with dielectric constant of εr =

9.8 in the air. The rods are parallel, periodically disposed. This structure is then used

to the build a two-dimensional EBG resonator antenna for operation at 4.75 GHz. The

antenna is basically a patch antenna covered by the EBG at distance ∼λ/2. By placing the

EBG over the antenna, the effective, radiating aperture dimensions are increased to 21.2

× 21.2 which in turn results in an increased realized gain of about 19 dB compared to a

regular patch element (∼5 dB). The overall height of the resonator antenna is 56 mm (∼λ).

Although being very thick compared to the planar antennas, this antenna competes with

classical high-gain antennas like horns, reflectors, and lens-corrected antennas as it has a

smaller thickness. Similarly, in [72], a finite cylindrical-rod EBG in the air is presented.

This structure is then positioned on top of a patch antenna to enhance the directivity and to

perform a limited angular, spatial filtering. This EBG, however, must be about half of the

wavelength away from the antenna. Finally, a “thin” FSS-Antenna is presented in [73] in

which a single patch antenna is covered with a proposed, two-layer FSS placed at a distance

λ/2 over the antenna. Similar to the case of the previous works, this antenna exhibits an

enhanced directivity (compared to the single patch used in the FSS-antenna combination)

as a consequence of a larger radiating aperture compared with the that of the original patch.

Nevertheless, this design is over λ/2 thick.

7.3 Application of Miniaturized-Element Frequency-

Selective Surfaces in Beamforming Technology

As discussed in previous section, periodic structures (EBG or FSS) have been utilized

as superstrates in design of antenna structures with increased gain. They have also been

used as the antenna ground-plane to enhance the bandwidth (see Chapter 1). Past research,
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Figure 7.3: The filter in the receive path of each element of the beamforming array is replaced
with the FSS above the patch antenna. As a result, one FSS, instead of one filter per element,
performs the filtering for the whole array elements.

however, has not addressed a number of issues: There are practical issues related to the use

of such structures as the antenna superstrates; the major problem is the adverse effects of

the superstrate on the scan performance of the antenna, an undesirable feature that can not

be tolerated in scanned-array design. Another issue is the overall height of the superstrate-

antenna achieved based on the traditional methods mentioned above. Conventional methods

require a separation distance of λ/2 between the antenna and the periodic structure. This

thickness might not be practical for some applications. Moreover, the thickness of the super-

strate itself is another limiting issue. Nonetheless, past research on superstrates traditionally

studies the antenna characteristics, i.e. the antenna gain or bandwidth, and the frequency

filtering characteristics that could be obtained by the superstrates need further investiga-

tions.

The purpose of this chapter, from a practical perspective, is to study the possibility

of reducing the complexity associated with the integration process of beamforming array

systems given the recent advances in semiconductor technology. As mentioned in Section 7.1,

the size of the bulky bandpass filters in the receive path of the array elements is a limiting
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issue given that the elements should be closely spaced to avoid the onset of the grating lobes.

This research proposes that the bandpass filters can be eliminated; instead, a thin layer of

FSS is overlaid on top of the antenna array as a filter-superstrate to perform the required

filtering. This approach is demonstrated in Fig 7.3. In addition to resolving a portion of the

fabrication issues, this scheme reduces the overall cost as a single FSS replaces the bandpass

filters required per element.

A super-thin FSS-antenna array based on the miniaturized FSS described in Chapter 3

is presented here. This filter-antenna, which has an extremely low thickness (∼λ/10), can

be used to construct a reduced beamforming array in which the bulky bandpass filters in

the receive chain of each antenna element are eliminated. The necessary filtering is then

performed by the miniaturized FSS placed over the array (see Fig 7.3) at a distance of λ/10.

The localized frequency selectivity of the FSSs based on the miniaturized approach, [38],

enables the creation of very thin FSS structures with high scanning stability. In addition,

these spatial filters can perform properly even at a close distance (compared to the wave-

length) to the antenna. These are critical features generally not seen in traditional FSS

structures.

Through the numerical simulations, it is shown that the metamaterial FSS has a negli-

gible effect on the antenna performance. Although being very close to the array antenna,

the metamaterial spatial filter has almost no effect on the gain, scan characteristics, and

the polarization purity of the array antenna. Next, experiments are performed to test the

performance of this approach and the miniaturized FSS’s capabilities. This measured char-

acteristics are provided at the end.

7.3.1 Design and Analysis

In this section, numerical analysis of the proposed FSS-antenna array using the periodic

boundary conditions (PBC) is presented. The miniaturized surface and the patch-array

employed in the antenna building are first described. The antenna performance, calculated

using the Ansoft HFSS full-wave simulator is then examined. It should be emphasized that

this analysis assumes an infinitely large array of elements and therefore does not account
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for the effects associated with a finite size array. These effects are generally the array edge

diffraction and the different, nonuniform mutual coupling between the elements of the finite

array compared to the infinite case.

Specifications of the Miniaturized-Element Frequency-Selective Surface

As mentioned above, the FSS design used here is based on a structure presented earlier

in Chapter 3. As discussed there, the new approach in design of FSS structures, recently

introduced in [37] and further developed in [38], achieves an inherent frequency-selective

characteristic in the surface, meaning that the constitutive parameters of the surface material

are manipulated such that the material itself shows selectivity with respect to frequency.

Such manipulations are possible in the sub-wavelength regime where the elements of the FSS

are on the order of λ/10 in dimension. It was shown that very small size of the inclusions

on the surface makes it possible to describe the behavior of the FSS using a quasi-static

analysis. In addition to giving insight into the physics of the FSS, the results of this analysis

are formulated using the circuit theory to develop an accurate model for the FSS [38].

Excellent features of the new FSS include the localized frequency-selective properties, the

Figure 7.4: The loop-wire miniaturized FSS geometry consisting of loops and wires.
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higher frequency selectivity achieved by a single substrate, the lack of pass-band harmonics

in the frequency response, and the very low sensitivity of the frequency response to the

incidence angle.

The FSS employed for the construction of the FSS-antenna array is a 2-D periodic circuit

board consisting of an array of loops and a wire-grid on opposite sides of a thin substrate

(see Fig. 7.4). The loop-wire FSS has a periodicity of 3.39 mm for operation at X-band. For

the loop layer, the width of the traces used is 0.11 mm, and the gap between loops is also

0.11 mm. The wire-grid is made up of traces which are 0.95 mm thick. The substrate has a

dielectric constant of εr = 2.94, and its thickness is 0.1 mm . Unlike the original surface, [38],

this FSS has no lumped capacitors involved in its structure.

Specifications of the Array Antenna

The antenna array is comprised of rectangular patch elements placed on one side of a

dielectric substrate. The patches are fed through metalized, vertical posts (probe-fed) from

the back side. The substrate has a dielectric constant of 3.38 and is 0.5 mm thick. The

Figure 7.5: The microstrip patch antenna designed as the unit cell of an infinite array
antenna- The patch is built on a 0.5 mm-thick dielectric substrate with εr = 3.38.
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patch-array is designed to work at a center frequency of about 10.5 GHz. For this criterion,

the patch dimensions are calculated and become 7.4 mm × 6.8 mm. Other dimensions are

provided in Fig. 7.5 which demonstrates a single element of the infinite array antenna.

The microstrip antenna element described above is used to construct a two-dimensional,

infinite antenna array on x − y plane. The periodicity of the array along the x̂ and the ŷ

directions is chosen to be smaller than λ/2 to avoid the grating lobes.

Numerical Simulation Results

The unit cell of the FSS-antenna array is shown in Fig. 7.6. This unit cell is carefully

simulated using a PBC setup in HFSS to test the radiation characteristics of the array. As

mentioned previously, this simulation assumes an infinite number of such unit cells in the

array.

Figure 7.6: The unit cell of the FSS-patch antenna comprising a patch antenna element and
an array of 4 × 3-element of the loop-wire FSS placed on top of the patch through a foam
spacer with the thickness of 0.125 in. The FSS structure is much thinner than the spacer.

The results of the full-wave simulations are presented in this section. In the first set of

simulations, a 2-D-infinite array antenna using patch elements shown above is considered.

The simulated fields for the infinite problem are then used to approximately calculate a finite

136



array (9 × 9-element). These calculations are performed in HFSS simply by calculating the

array factor (AF) and multiplying that with the fields (from the infinite array simulation).

Next, similar simulations are performed for the same patch-array which is covered this time

with the miniaturized FSS structure. A thin dielectric spacer is placed between the FSS

and the antenna. The final FSS-patch-array is only λ/10 thicker than the original array of

patches.

Figure 7.7: Full-wave simulations of the gain for the infinite patch-array and FSS-patch-
array for scan angles (θ,φ) = (0o,0o) and (θ,φ) = (20o,0o) in spherical coordinate system The
gain is calculated by multiplying the radiation of a single element in the infinite array by
the AF of a 9 × 9-element array. A sharp filtering feature is added to the characteristics of
the patch-array antenna once covered with the metamaterial FSS superstrate. Scanning has
a minor effect on the performance of the FSS-array at the higher frequencies in this graph.

As mentioned above, the frequency filtering is the main purpose of the FSS-array design.

The simulated maximum gains for the patch-array and the FSS-patch-array as a function of

frequency are shown in Fig. 7.7. The simulations are performed for scan angles of 0o and

20o. As shown, the FSS-antenna radiates/receives signals with a much higher selectivity. In

a way, this array now owns a bandpass filter embedded in its receive/transmit path at the

cost of placing a very thin superstrate on the array.
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Comparison between the gain-frequency simulations also shows an improvement in the

out-of-band-rejection ranging from 20 dB (at the lower band frequencies) to 40 dB (at the

upper band frequencies). The loaded array, in addition, achieves an extremely low thick-

ness, demonstrating its superiority over the antenna structures available in the literature.

Moreover, the frequency roll-off rate becomes much steeper at the upper band as it changes

from -5 dB/GHz to -40 dB/GHz. All this demonstrates the ability of the metamaterial FSS

in creation of a filter-antenna characteristic with a high performance. These results well

demonstrates the localized frequency-selective nature of the metamaterial FSS which can

properly perform frequency filtering even at a very close distance to a radiator.

Figure 7.8: Full-wave simulations of the return loss for the infinite patch-array and FSS-
patch-array for scan angles (θ,φ) = (0o,0o) and (θ,φ) = (20o,0o) in spherical coordinate system
The patch-array has a narrow bandwidth with a resonance at about 10.5 GHz, whereas the
FSS-patch-array has a two-pole response with a much wider bandwidth.

Next, other aspects of the antenna are examined. The simulated return loss for the

patch-array compared with that of the FSS-patch-array, for scanning at 0o and 20o, is shown

in Fig. 7.8. According to the simulations, the FSS-array antenna produces a two-pole,

maximally-flat frequency response. This phenomenon (extra pole) is attributed to the cou-
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pling of the FSS elements and the patches as the FSS and the patch-array are very close

to one another. This two-pole behavior allows for shaping the frequency response of the

antenna; in addition to tuning the bandwidth, this effect is employed to achieve sharper

edges (steeper roll-off) around the frequency band of operation. As a secondary feature,

the dual-pole behavior facilitates the designer to create a wider band of operation. In the

example model considered here, a factor of 2.5 increase in the bandwidth compared with

the array antenna in isolation is observed. As shown in Fig. 7.8, the operation band of the

antenna is increased from 10.4–10.6 GHz to 10.4–10.9 GHz.

Other antenna parameters are calculated and compared. The radiation pattern cuts of

the 9 × 9-element patch-array are shown in Fig. 7.9 (E-plane) and Fig. 7.10 (H-plane) at the

resonance frequency of the elements of the patch-array (10.46GHz). As shown, the antenna

peak-gain is slightly more than 20 dB and shows no sensitivity to scanning (at least up to

20o). The calculated pattern for a 9 × 9-element FSS-antenna in transmit is provided in

Figs. 7.11 and 7.12. As can be seen, the radiation patterns for the FSS-antenna are very

Figure 7.9: Full-wave simulation of the E-plane radiation pattern for the 9 × 9-element
patch-array calculated by multiplying the radiation of a single element in the infinite array
by the AF. The simulations is performed at the resonance frequency of the patches (f =
10.46 GHz) for scan angles of (θ,φ) = (0o,0o) and (θ,φ) = (20o,0o) in spherical coordinate
system.
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Figure 7.10: Full-wave simulation of the H-plane radiation pattern for the 9 × 9-element
patch-array calculated by multiplying the radiation of a single element in the infinite array
by the AF. The simulation is performed at the resonance frequency of the patches (f = 10.46
GHz) for scan angles of (θ,φ) = (0o,0o) and (θ,φ) = (20o,0o) in spherical coordinate system.

Figure 7.11: Full-wave simulation of the E-plane radiation pattern for the 9 × 9-element
FSS-antenna calculated by multiplying the radiation of a single element in the infinite array
by the AF. The simulation is performed at a frequency inside the operation band (f = 10.6
GHz) for scan angles of (θ,φ) = (0o,0o) and (θ,φ) = (20o,0o) in spherical coordinate system.
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Figure 7.12: Full-wave simulation of the H-plane radiation pattern for the 9 × 9-element
FSS-antenna calculated by multiplying the radiation of a single element in the infinite array
by the AF. The simulation is performed at a frequency inside the operation band (f = 10.6
GHz) for scan angles of (θ,φ) = (0o,0o) and (θ,φ) = (20o,0o) in spherical coordinate system.

similar to those of the patch-array.

Based on the simulation results presented above, the FSS-antenna 1) behaves like filter

added to the array antenna structure without affecting the gain, scan performance, and

the polarization response of the scanned array antenna; and 2) provides an opportunity to

enhances the bandwidth of the antenna array.

7.3.2 Fabrication and Experiment

The miniaturized surface used for antenna filtering is an X-band, 6 in × 6 in, thin FSS

described above in Section 7.3.1. The FSS is fabricated through the standard etching of

copper on a 0.004 in-thick CLTE substrate by Arlon. This substrate which is a PTFE

composite material has a nominal dielectric constant of 2.94. The measured transmissivity

of the surface is provided in Fig. 7.13 for different scan angles up to 25o.

The fabricated array is a 9 × 9-element array of probe-(pin-)fed, rectangular patch an-

tennas built on a 0.5 mm-thick RO4003C substrate with the dielectric constant of 3.38. As

discussed in Section 7.1, each element of a beamforming array has a separate feed network.
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Figure 7.13: The loop-wire FSS measured transmission response is plotted for different angles
of incidence (θ) of 0o, 10o, and 25o for the TE polarization.

As a result, the filtering effects of the FSS should be observed at the terminal of the in-

dividual element. To emulate a similar condition in the measurement, the patch-array is

fabricated with independently-fed elements, i.e. no corporate feed network is used. Each

patch can be fed by a pin connected to the patch at a point where the input impedance is

50 Ω at 10.4 GHz. Here, only the received power as a function of frequency by the patch

located at the center of the array is presented. To do this, the center patch is connected

to an SMA connector for power reading, and the surrounding patches are matched to 50

ω through surface-mount resistors, each of which connecting the pin of an off-center patch

to the ground-plane. This way, the array is build to work in the receive mode. Given

the receive mode measurement results, the transmission characteristics of the array are also

known according to reciprocity theorem [6]. Figs. 7.14(a) and 7.14(b) show the patch-array.

Fig. 7.15 demonstrates the FSS-antenna consisting of the patch-array, a foam spacer, and

the loop-wire FSS.

As mentioned earlier, the miniaturized surfaces can perform properly in a close proximity

of radiating elements. This allows placement of the FSS near the antenna array, thus enabling
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Figure 7.14: Fabricated patch-array- (a) A 9 × 9 array of patches (top side). (b) The
ground-plane (bottom layer) is connected to the via post of each patch, except for the patch
element at the center, through a chip resistor.
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mutual coupling between the antenna and the FSS resonators. Coupling two resonators, one

can achieve a maximally flat or dual-band response. In this design, the FSS is placed at the

distance of λ/10 to the patch-array to establish a proper coupling between the patch and

the loops/wires of the FSS. As will be shown below, because of the coupling, the selectivity

of the FSS-antenna becomes better than the array or the FSS alone.

Finally, to assemble the FSS-antenna, the λ/300-thick frequency-selective layer is overlaid

on top of the patch-array, as shown in Fig. 7.15. The FSS and the antenna are separated by

a λ/10-thick PF-2 foam (εr = 1.03) by Cumming Microwave, Avon, MA.

The setup for measuring the receiving characteristics of the array includes a transmitter

(horn antenna) placed at one end of an anechoic chamber and the array itself located at the

opposite side of the chamber. The center patch of the array is the receiver and is connected

Figure 7.15: Fabricated FSS-Antenna- The thin, flexible FSS layer is placed over the antenna
through a thin foam spacer.
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to a spectrum analyzer for power reading. The received power at multiple frequency points

covering the band 7–15 GHz is manually collected for two cases: 1) patch-array alone and

2) patch-array covered with the FSS.

The measured, received powers by the center patch as a functions of frequency for the

two cases mentioned above at normal incidence are shown in Fig. 7.16. Scan performance

comparison is provided in Fig. 7.17 for scanning at 0o, 15o, and 30o.

The received power by the FSS-antenna, compared with the antenna alone, exhibit the

filtering effect of the FSS; in the power response (Fig. 7.16), the bandwidth becomes half and

the frequency roll-off rate increases by almost a factor of two around the center frequency

(10.6 GHz). Moreover, the received power shows a maximally-flat characteristic, mentioned

in Section 7.3.1, around the center frequency, a dual-pole behavior due to the coupling of

the FSS elements with the patches. Resulting from the close proximity of the FSS and the

patches (λ/10), this coupling improves the frequency selectivity of the FSS-array. However,

the transmission loss is increased by about 1.5 dB. As shown in Fig. 7.13, the insertion loss

Figure 7.16: The measured received power by the patch element at the center of the array
for the case of patch-array alone compared with case of the patch-array covered with the
metamaterial FSS (see Fig. 7.13). In this measurement, the transmitter and the receiver
were facing one another (normal incidence).

145



Figure 7.17: The comparison of the 3-dB bandwidth and the excess loss as a function of
angle- In this measurement, the transmitter and the receiver were tilted with respect to one
another by 15o and 30o.

of the FSS itself is about 1.2 dB which increases the insertion loss (1.5 dB) of the FSS-array.

The excess insertion loss of 0.3 dB in the response of the FSS-antenna can be attributed

to the mismatch occurring at the FSS-foam interface. The 3-dB bandwidth of the FSS is

about 1 GHz according to Fig. 7.13. The FSS-antenna shows a reduced 3-dB bandwidth of

about 350 MHz which is only 50 percent of that of the array alone and is much less than

that of the FSS alone. To examine the bandwidth and the insertion loss characteristics of

the FSS-antenna array, the frequency response of the antenna and the FSS-antenna were

measured up to 30o. Fig. 7.17 summarizes the 3-dB bandwidth and the excess loss as a

function of angle.

It should be emphasized, however, that the FSS used in this experiment is a single-pole

surface and therefore has a limited selectivity. The example presented here, however, is just

a proof of concept. Apparently, multipole miniaturized surfaces, [47], can be employed to

construct FSS-antenna structures with expected, higher-order filtering characteristics.
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7.4 Chapter Conclusions

The loop-wire miniaturized-element FSS structure is utilized in construction of an FSS-

antenna array with an extremely low thickness of λ/10 and wide angular scanning capabil-

ities. In this process, the miniaturized surface is overlaid on top of a patch-array antenna

though a foam spacer to tailor the electromagnetic radiations of the antenna in frequency.

The high performance of this approach is verified through both numerical simulations and

experiment. This method can enable the fabrication of beamforming arrays comprising many

closely-spaced antenna elements with lower cost. In this approach, the bandpass filters that

are usually required in the receive chain of the individual elements of the beamforming system

are eliminated and replaced with a thin miniaturized-element FSS structure.
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CHAPTER 8

Conclusion

8.1 Summary of Research

A new theory in design of microwave, spatial filters for compact communications appli-

cations is the main advance of this research. The new approach is well developed and is

applied to a number of problems concerning spatial frequency filtering. The outcomes of

these problems are new frequency-selective surfaces with enhanced scanning and filtering

performance as well as a clear physical insight into the behavior of such surfaces (circuit

model). A summary of the developments in this area of research is provided in this chapter.

Chapter 3

The theory of the miniaturized-element frequency-selective surface (FSS) is presented

here through a discussion on the physics of the new approach. This work introduces a new

miniaturized surface, the loop-wire FSS, with excellent characteristics. Being composed of

sub-wavelength (λ/12) elements, the loop-wire FSS achieves an inherent (localized) frequency

selectivity in the surface with a harmonic-free behavior. The practical features of interest

made possible because of the inherent filtering characteristics include:

1) The higher-order frequency response achieved by a single, thin substrate;

2) The lack of passband harmonics in the frequency response;

3) The very low sensitivity of the frequency response to the incidence angle of the exciting,

148



electromagnetic wave;

4) The ability to perform filtering even at a close distance to an electromagnetic radiation

source; and finally,

5) The overall smaller dimensions of the FSS platform.

Chapter 4

The multipole characteristics of the miniaturized surface are investigated in this chapter.

The conventional approach of cascading single-pole FSS structures is used to build a dual-

bandpass miniaturized surface using the surface introduced in Chapter 3. This chapter next

presents a new element, a single-pole FSS with only one metalized layer. The new surface,

which is a modified version of the loop-wire FSS, is then shown that can be used to achieve

a super-thin, dual-pole characteristic. This dual-band FSS is only λ/240 thick.

Chapter 5

Electronic tuning as a practical feature of interest is the focus of this chapter. This

chapter presents a reconfigurable bandpass surface made using a parallel arrangement of

varactor-tuned, resonant L − C layers. This configuration of bandstop layers allows for

more a flexible frequency behavior. The design presented in this chapter has two modes

of operation: bandstop and bandpass. In addition to two completely different modes of

operation, the center frequency, as well as the bandwidth of the response can be tuned

independently.

Chapter 6

The tuning problem is further investigated in this chapter. This chapter, however, takes

a different approach; inductive FSS layers (wire-grid) are put together along with an array

of varactors connecting the grids. A two layer version of this method is designed with a

bandpass characteristic. Varactor diodes are positioned between the two grids. Via sections

and metallic pads are also fabricated to create a dc path for biasing the varactors with

the grids themselves. This configuration, therefore, eliminates the need for any additional
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network for biasing the varactors, and thus is attractive from a practical perspective.

Chapter 7

Finally, application of the new theory in conjunction with the exciting area of digital

beamforming is investigated. Fabrication difficulties of the beamforming systems are dis-

cussed as challenging issues limiting the applicability of the digital beamforming technique.

This chapter proposes a super-thin FSS-antenna array to help to simplify the fabrication

process of such beamformers. In this scheme, to ease the fabrication, bulky, RF bandpass

filters required in the receive path of the individual elements of the beamformer are elim-

inated. Instead, the necessary filtering is performed by an FSS structure placed over the

antenna. This approach is tested numerically and experimentally through the application

of a λ/300-thick miniaturized FSS separated from the antenna by a foam spacer with the

thickness of λ/10. This proves that the miniaturized approach, unlike traditional FSSs, al-

lows for creation of thin-layer spatial filters that can work at a close proximity of an antenna,

thus demonstrating the versatility of miniaturized-element frequency-selective surfaces.

8.2 Future Work

Conformal Leaky Wave Antennas

In order to minimize air drag, it is generally desirable for antennas on moving platforms,

such as aircraft or cars, to be conformal and free of other structures, such as radomes,

which protrude from the vehicle surface. Designing low profile antennas, however, for use on

curved surfaces presents a number of design challenges. One example of such an application

is an array of planar patch antennas on an aircraft fuselage. Although, the curvature of the

fuselage may be slight, phase shifters for each element are needed to correct for the curvature

and send a collimated beam in the desired direction. As mentioned in [9], one particular

advantage of leaky wave antennas is their applicability to curved surfaces.

Leaky wave antennas (LWA) have been studied extensively since first patented by Hansen

in 1946 [116]. As a result of the numerous studies on LWA, their behavior is well understood
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and a number of design guidelines have been developed [9,117]. Advantages of LWA include

ease of fabrication using printed circuit techniques, relatively low-profile design, and accurate

control over beamwidth and scan angle. In addition, an advantage over arrays is the use of

a single feed point rather than a complex feed network, which reduces complexity and cost.

In [117], a number of simple design formulas for general 2-D LWA with partially reflecting

surfaces (PRS), as seen in Figure 14, are presented; these results allow straightforward

determination of the peak field values and beamwidths in the E- and H-planes as well as the

pattern bandwidth.

For designing LWA on curved surfaces what is necessary is straightforward means to

control the local surface admittance and, as a result, the longitudinal wavelength. Due

to their localized performance, miniaturized surfaces provide such a means to control the

amplitude and phase of the partially transmitted signal along the antenna and could be used

to design conformal leaky wave antennas. Traditional FSS, which use larger unit cells and

require a larger number of periods in the lattice, are unsuitable for accurate phase control

over the antenna surface. The miniaturized FSS, however, can provide local control over the

surface reactance and more accurate control of the radiated energy direction. In addition,

these surfaces do not require vias and can be fabricated on thin, flexible substrates which

are easily conformed to the curved surface.

To vary the guided wavelength using a miniaturized-element FSS, one way would be the

introduction of clusters of scaled elements with slightly offset passband center frequencies.

By slightly tuning the center frequency of the passband, at the frequency of operation the

transmission coefficient phase and amplitude may be tuned. Another way would be to vary

the gap capacitance along the length of the LWA.

Extremely Short Focal Length Lens

Another application of the proposed surfaces is in constructing very short focal length

lenses. Reference [118] describes a filter-lens array system, which employs a planar array

of bandpass antenna-filter-antenna elements in order to convert spherical into planar wave

fronts. In this case, the ratio of the focal length to lens dimension (f/D) is 1.25. The

bandpass elements are two patch antennas coupled through a coplanar waveguide resonator.
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The elements on the periphery of the lens are slightly scaled to control their phase response

and produce the desired wave transformation.

The miniaturized-element surfaces could be used in a slightly different configuration

which would achieve the same focusing objective with minimized focal length over a finite

aperture (f/D ∼ 0.2). For example, in a transmit scenario a source point on the back of

a thin dielectric slab, would create modes within the slab that radiate, similar to the leaky

wave antenna described above. Here the miniaturized surface would be used to produce

plane waves at the output of the lens structure. In receive mode, the surface could do the

same of capturing incident energy and refocusing it back to the single source point.

This implementation is enabled by the unique advantages of the proposed surfaces. Most

importantly, the small unit cell size allows tuning of the elements frequency response over

small apertures to improve control over the transmission coefficient phase. The thin substrate

allows the FSS to have 1–2 dB less insertion loss than the antenna-filter-antenna configuration

described in [118]. In addition, low sensitivity to the angle of incident radiation permits them

to be used for small f/D ratios.

One interesting future application would be to use the miniaturized-element FSSs at

optical frequencies. In this application, a single solar cell could be used to collect the energy

focused to it by a larger miniaturized-element lens. The layer could be produced using

microfabrication techniques on flexible substrates, a sheet of which could lie above fewer

solar cells, yielding the same areal coverage for lower cost. The response of the new surfaces

would be tuned to capture the highest content portion of the solar radiation spectrum near

475 nm [10].

RF Insulators

The adverse effect of the human body on handheld wireless device operation is well

known. Antenna efficiency, in particular, is degraded by the presence of the human hand

on the device. There are also concerns over the effects of electromagnetic radiation on the

human body and efforts have been made to minimize specific absorption rate (SAR). This

application entails developing an encapsulating surface to insulate wireless devices from the

human body. The proposed surfaces uniquely enable this application. The miniaturized
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surfaces can be designed as a pure reactance to the enclosed antenna, shielding it from lossy

dielectrics in the environment. This cannot be accomplished using metallic surfaces as they

tend to short circuit the antenna.

8.3 Closing

∇× ~E = −∂ ~B/∂t Faraday’s law

∇× ~H = ~J + ∂ ~D/∂t Modified Ampere’s law

∇ · ~D = ρv Gauss’s law of electricity

∇ · ~B = 0 Gauss’s law of magnetism
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APPENDIX A

FSS Simulation Using the Periodic Boundary Conditions in Ansoft HFSS

An overview of the full–wave analysis of frequency–selective surfaces using Ansoft HFSS

is presented in this appendix. This short tutorial is based on the resources provided Ansoft.

Frequency–selective surfaces (FSSs) are fully described through their reflection and trans-

mission characteristics. FSSs are 2–D planar, periodic arrays with an infinite extent. Usually,

the problem of interest is the reaction of the FSS to an incident plane–wave. Given the in-

finite size of the FSS arrays, it can be shown (floquet’s theorem) that the scattering from

the entire array is known if the field information of a single period of the array (unit cell) is

available. This condition assumes a plane–wave excitation.

This theorem is used in Ansoft HFSS to simulate frequency–selective surfaces. This is

done through the modeling one unit cell and applying the periodic boundary conditions

(PBC). The excitation is in general an incident plane–wave impinging upon the FSS from

one side. The process of simulating an FSS in HFSS 11 is provided here through an example,

including all the steps for modeling. Example considered here is the surface presented in

Chapter 3, the loop–wire FSS.

Simulation Model Setup

The example considered here is a two–sided array of metallic patches on opposite sides of

a substrate. After drawing the unit cell, the PBC is assigned as the boundary condition to

each pair of the opposite side walls of the model in order to tell the solver that this unit cell

belongs to an infinitely wide array in two–dimensional space. Over the top and bottom sides
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of the box, perfectly–matched layers (PMLs) are used to absorb outgoing waves. Finally,

the excitation is chosen to be the incident plane–wave. These steps are summarized in the

following.

1) Draw the unit cell, including the substrate and the two metallic patches on either side

of the substrate.

2) Draw an air box which includes the unit cell. The box sides must touch the substrate edges.

Figure A.1: The unit cell geometry inside the simulation air box

3) Assign PML to the top and bottom sides of the air box. Assume for this example that

the excitation is propagating from the top toward down, along the −ẑ direction. Select the

top face of the air object and create a PML layer (check “Create PML Cover Objects on

Selected Faces”). Next, check “Reference for FSS” as shown in Fig. A.2. Once the PML has
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been created, select the bottom face of the air box to setup another PML over there. This

time, do not check the box “Reference for FSS”.

Figure A.2: PML assignment to the top face of the air box. PML should be also assigned
to the bottom side.

The label “Reference for FSS” helps with fields post processing. To determine reflection,

the software will integrate the “scattered field” over the base face of the PML that has this

label. To determine transmission, the software will integrate the “total field” over the base

face of the PML that does not have this label.

4) Draw four rectangular surfaces. Each rectangle covers one side of the entire model,

including the air box and the two PMLs. PBC will be assigned to these surfaces.

5) Select two opposite surfaces. Assign the Master/Slave boundary conditions. One side
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Figure A.3: PBC assignment to the rectangular surface in front. This surface is the Master.
The surface opposite to this Master surface takes the Slave boundary.

surface is defined as the Master and the other one is the Slave for this Master wall. Similarly,

the other two side surfaces will be assigned the Master/Slave boundary.

The scan angle of the slave boundaries is to be set according to the following rule: When

the incident field comes from direction (theta,phi) then the scan angle will be (theta,phi+180o).

Physically, this is the direction of specular reflection off the FSS plane, but it applies to all

the fields in the model. You can also set it to (-theta,phi); that results in the same angle.

The final model is shown in Fig. A.5.

6) As the last step, a plane–wave in the spherical coordinate is assigned as the excitation.

Notice that the the wave propagation angle is determined by a defined variable, mytheta, in

this setup. This direction is described in the spherical system with (theta,phi) = (mytheta,0).
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Figure A.4: Defining the scan angle in the PBC setup when the incident wave comes from
direction (theta,phi) = (mytheta,0). mytheta is the variable representing the incidence angle
of the plane–wave..

Fig. A.6 shows this assignment.
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Figure A.5: FSS’s simulation model using PML and PBC boundary conditions.
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Figure A.6: Plane–wave excitation setup.
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