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Abstract—In this paper, we present a novel frequency-selective
surface (FSS) design aimed at enhancing the performance of
broad-band reconfigurable antenna apertures. In particular,
reconfigurable printed dipole arrays are examined in the presence
of a multilayer FSS. Of particular interest is the design of FSS
structures whose reflection coefficient has prespecified phase
response over a broad set of frequencies. Previous FSSs primarily
considered designs on the basis of the reflection-coefficient am-
plitude and were intended for radome applications rather than
substrates. Designing FSSs subject to phase requirements will be
seen to require some compromise in the magnitude. Broad-band
requirements also present us with a need for noncommensurate
FSS designs.

Index Terms—Broad-band substrate design, hybrid finite-ele-
ment boundary-integral method, multilayer frequency-selective
surfaces, noncommensurate structures, reconfigurable antenna
apertures.

I. INTRODUCTION

ONFORMAL antennas are often printed on a planar

or curved substrate surface. However, typical substrate
configurations are narrowband, and thicker substrates result
in low efficiencies due to surface wave coupling. Perforated
or bandgap substrates have recently been used to increase
the efficiency of printed antennas on thicker substrates [1],
[2]. However, these approaches are still applicable only to
narrowband or multiband antenna structures. When traditional
broad-band antennas such as log-periodics are printed on
substrates, their bandwidth characteristics are altered, and one
approach to regain the broad-band behavior of the antenna
element is to employ frequency-dependent substrates or ground
planes (GPs). This can be achieved by using multiple layers of
frequency selective surfaces (FSSs) [3] as part of the substrate
in a manner similar to that used for designing broad-band
microwave filters. Each screen is resonant at a given frequency
and is placed a distance \s/4 away from the antenna’s surface,
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Fig. 1. Reconfigurable antenna aperture (RECAP) over a multilayer FSS/FSV
structure.
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Fig.2. Coherence between antenna radiation and reflections from the substrate
provides broad-band operation.

where A; refers to the wavelength at the screen’s resonance
frequency.

A multilayer FSS or frequency-selective volume (FSV) con-
figuration [4]-[6] is needed for optimizing the performance of a
broad-band antenna. Such a structure is illustrated in Fig. 1. In
this paper, we examine various designs of such volumetric pe-
riodic surfaces that can be used to enhance the performance of
reconfigurable broad-band antenna arrays (see Fig. 1). Of partic-
ular interest is the development of such multilayer FSSs, which
reflect with prespecified phase and amplitude of the reflection
coefficient over a broad set of frequencies. When the phase is ac-
tually maintained near zero degrees, such FSSs serve to emulate
magnetic GPs. As such, they can substantially enhance the ra-
diation properties of printed antennas placed over the FSS since
the reflected field will be in phase with that directly radiated by
the antenna itself (see Fig. 2). When the FSS is designed to de-
liver nearly constant phase over a broad bandwidth, substantial
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Fig. 3. Prismatic FE mesh for a commensurate unit cell.

gain enhancement can be achieved over a wide range of frequen-
cies. In the past, FSS designs were mostly concerned with am-
plitude responses. For FSS GPs, the emphasis is on phase. One
way to achieve smooth phase responses is to compromise the
amplitude response and in this paper, we demonstrate this effect.
In addition, using full-wave finite element-boundary integral
(FE-BI) simulations, we demonstrate the bandwidth improve-
ments achieved for a dipole array on such an FSS. Reconfigu-
ration of the dipole is also considered in our study. In this case,
the dipole length is altered (using diode or MEMS switches) to
operate at a different band without a need for changing the FSS
design that serves as a “substrate.” Broad bandwidth require-
ments also present us with a need for noncommensurate FSS
designs. Hence, modeling of multilayer FSSs with different pe-
riodicities [7] is another important issue that will be addressed
in the paper.

II. FULL-WAVE ANALYSIS

The hybrid FE-BI method [8] is used for the analysis of mul-
tilayer FSS structures of interest. An important aspect of this
hybrid technique is the ability to simulate and design structures
that are complex in geometry and incorporate a variety of ma-
terials. A multilayer FSS or a FSV in the presence of an an-
tenna array is one such structure (Fig. 1). As is often the case,
the highly adaptable FE method is used for modeling the mul-
tilayer dielectric region of the array, whereas the BI serves as a
means of truncating the finite-element mesh. The BI submatrix
typically consumes most of the CPU requirements. Therefore,
a recently introduced scheme referred to as the fast spectral-do-
main algorithm (FSDA) is employed to speed up the BI calcu-
lations in the context of iterative solvers [9]. As compared to
the adaptive-integral method (AIM), the FSDA often provides
two orders of magnitude faster solutions with memory as well as
CPU complexity of O(N). Thus, the adaptability of the FE-BI
method along with the speed-up advantage of the FSDA serves
as a very efficient analysis tool while designing antenna arrays
with multilayer FSSs.

To model the infinite array problem, the field periodicity
condition is enforced at the vertical boundaries of the unit
cell [10], [11] (see Fig. 3). Also on the very top (or bottom)
surface, the periodic Green’s function (PGF) is applied to
truncate the aperture. As such, even though the structure is
multilayered, by virtue of the FEM, only the free-space PGF
is needed, thus simplifying the implementation and reducing
computational requirements [12]. A situation of interest is the
case of noncommensurate FSS or antenna array structures as
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Fig. 4. Decoupling of individual layer periodicities for noncommensurate
structures.

shown in Fig. 4. For such situations, the periodic (or phase)
boundary conditions (PBCs) cannot be rigorously applied
for edges that border two consecutive layers with different
periodicities (unless a boundary integral is used at each layer
interface). Instead, we choose to use the PBC for the layer just
below the edges. Of course, this is only an approximate model
as compared to the rigorous approach given in [13], but its
accuracy can arbitrarily be improved by grouping several cells
in the individual layers.

For validation purposes, a 7 x 7 finite array of a double-layer
Jerusalem cross FSS was first built and reflection coefficient
measurements were carried out. The corresponding unit-cell ge-
ometry of the noncommensurate structure is shown in Fig. 5
along with the dimensions given in Table I. Comparison be-
tween measurements and calculations (predicted) for the reflec-
tion coefficient are displayed in Fig. 6. As seen, the full-wave
simulator and measured data agree quite well for both magni-
tude and phase of the reflection coefficient, thus validating the
accuracy of the simulator. Also, note that for our FSS models, re-
sistive cards [14] were used to suppress strong phase variations.

III. FSS DESIGN PROCEDURE

A simple circuit model to predict the electromagnetic be-
havior of a single-layer FSS plays a crucial role in the design
process of multilayer FSS structures. Employing the full-wave
simulator in an optimization loop is not necessarily a viable
strategy in designing multilayer FSS structures since such an
approach is time consuming and inefficient. On the other hand,
once obtained, the circuit model can easily be incorporated into
existing circuit optimizers to provide geometry parameters that
satisfy a given objective.

In this section, we present an equivalent circuit model for a
strip-dipole FSS. Our goal is to use this simple element as an
example in understanding the FSS design for achieving nearly
constant phase responses over a certain bandwidth. To this end,
we first employ the equivalent circuit model to develop an initial
design of the FSS. Full-wave simulation results are then carried
out as a final step on the basis of the derived circuit parameters.

For a single-layer dipole FSS, the resonant behavior of
the reflection coefficient suggests that a similar response can
be obtained using an LC equivalent circuit. We use a first
order transmission line/circuit (TL/CKT) model in conjunction
with a simplex (direct search) curve-fitting algorithm [15] to
determine the equivalent circuit parameters. The block diagram
of this procedure is depicted in Fig. 7. As shown, a dipole
FSS structure is first analyzed using the full-wave simulator,
and the reflection coefficient (I') of the FSS is then utilized in
the simplex search algorithm to determine the corresponding
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Fig. 5. Configuration and unit-cell geometry of the double-layer Jerusalem cross FSS.
TABLE 1 5 T T T T 1
DIMENSIONS OF THE STRUCTURE IN Fig. 5 @ 0
- . e
(cm) FSS, FSS, E
d, 9.60 1321 ép
d, 6.98 10.16
25 ; . . ; .
d, 5.05 6.86 2 25 3 35 4 45 5
. Frequency (GHz)
4 0.51 0.51 200 . . T : .
D 10. 13.72
Xy 67 100k == Measured (measurement data for 7x7 finite array) ]
Ro(/em?) 370 230 = = Predicted (infinite array solution via FSS simulator)

circuit parameters. In the design process, it is essential to
relate the circuit parameters . and C' to the geometrical
parameters of the structure. For this purpose, various dipole
geometries were simulated by varying their lengths (d) and
widths (w) using the full-wave simulator. As a result of this
study, the following design formulae were developed:

Ag
L=—=7
NG o (nH)

where the dipole dimensions d and w are incm and Zy = 377 €.
Also, Ay, and A¢ are some constants to be determined during
the curve-fitting process. They are dependent on the dielectric
constant and thickness of the substrate (e, %), element sepa-
ration (D, D, ), and incidence angle (6;, ¢;). For the specific
case of a free-standing dipole FSS having unit cell dimensions
D, = D, = 7.5 cm and normal incidence

and C = Acd®Vw/Zy aF) (1)

Ap = 0.7674 (nsec - em?/? -md_l) and
Ac = 0.1811 x 10 3(nsec - em™"/% - rad™1).

As an example, we display the reflection coefficient of a free-
standing dipole FSS (d = 5 cm, w = 0.625 cm) along with
its equivalent circuit (L = 73.19 nH, C' = 47.47 {F) in Fig. 8.
As seen, the reflection coefficient corresponding to the circuit
model agrees sufficiently well with the actual reflection coeffi-
cient over a wide frequency band.

Note that the relations given in (1) represent a first-order
TL/CKT model, valid only for a single-layer dipole FSS struc-
ture. Coupling between elements on the same FSS layer should
be incorporated in the modeling to obtain a broad-band equiva-
lent circuit representation, thus allowing periodicity parameters

Phase (deg)
=

-200 L L ) 1 T
2 2.5 3 3.5 4 45 5

Frequency (GHz)

Fig. 6. Reflection coefficient of the double-layer Jerusalem cross FSS:
comparison between predicted and measured data.
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Fig. 7. Building the equivalent circuit model for a single-layer dipole FSS.

to be accounted for in the model. In addition, for different inci-
dence angles, Ay, and A¢ must be re-evaluated.

This prototype circuit model can be used to design multi-
layer FSS structures. The FSS behavior can be approximated
using stacks of equivalent LC' circuits cascaded by inserting
TLs between them. As an example, we consider the optimum
design of a three-layer lossless dipole FSS configuration with
the pass-band response in the frequency range of 1.5-3.5 GHz.
The lengths and widths of dipoles are varied as well as the sep-
aration between the layers during the optimization process. The
comparative results for the TL/CKT model and the full-wave
simulation are displayed in Fig. 9. As seen, the optimization
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Fig. 9. Reflection coefficient of the three-layer dipole FSS structure: the circuit model (solid) versus the full-wave simulation (dashed).
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Fig. 10. Three-stage TL/CKT design to achieve the criteria given in (2).

based on the first order model agrees very well with the
full-wave simulation in the frequency band of 0.5-2.5 GHz.
However, the agreement deteriorates beyond 2.5 GHz since the
first-order model design neglects higher-order mode coupling
among the layers.

Of particular importance in assessing the results in Fig. 9
is that the phase of the reflection coefficient is highly oscil-
latory. Hence, with a lossless FSS structure, it is not possible

to obtain a reflection coefficient having a nearly flat response.
For a broad-band GP, sharp variations in the phase must be
eliminated so that the reflected field from the FSS will have
a nearly constant phase response. As such, this reflected field
will add in congruence with the direct antenna-radiated field
(Fig. 2). By analogy with circuit theory, the phase response
can be smoothened out by introducing some loss in the FSS
structure. Resistive cards (R-cards) can be placed on the FSS
layers for this purpose to smoothen out the phase response in
the pass-band at the expense of efficiency. The effect of R-cards
can be included in the circuit model by adding a resistor in series
with the LC branch of the equivalent circuit. As can be under-
stood, there is a tradeoff between a flat-phase response and the
amplitude of the reflection coefficient. Introducing R-cards in
the structure allows for a smooth phase response, but decreases
the reflection-coefficient amplitude.

Next, we consider such a multilayer FSS design incorporating
R-cards to simulate a broad-band flat-phase GP.
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Reflection coefficient of the three-stage TL/CKT design in Fig. 10 with and without loss.
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Fig. 12. Configuration and unit-cell geometry of the three-layer cross-dipole FSS.

A three-layer FSS structure has been designed to simulate a
broad-band flat-phase GP for a practical reconfigurable array. In
this case, the FSS is designed to reflect a wave that is in phase
with the direct field radiated by the antenna toward the horizon
(see Fig. 2). For practical purposes, the FSS design objectives
for the reflection coefficient (I") are as follows:

Magnitude: 0.4 < |T'| < 1.0

Phase: — 50° < /I" < 50° 2)
These are based on achieving a maximum of 4-dB loss
(direct 4 reflected; see Fig. 2) in reference to an ideal reflector
with I' = 1499, First, according to the aforementioned criteria,
a three-stage circuit modeling of the structure was devised as
depicted in Fig. 10. To smoothen out the phase response, we
introduced some loss by adding a resistor (R;,i = 1,2,3)
in series with each LC branch of the circuit. Note that this
structure is terminated by a short circuit, i.e., Ry = 0. In
Fig. 11, the reflection coefficient of this three-stage TL/CKT
design is shown for the cases with and without loss, i.e.,
R; > 0and R; = 0 (¢ = 1,2,3), respectively. As seen, the
design objectives in (2) are achieved quite well in almost a 3:1
bandwidth by using the lossy TL/CKT design.

Next, based on the equivalent circuit model for a single-layer
dipole FSS, the actual FSS structure was formed as shown in
Fig. 12 with the dimensions given in Table II. As seen, this
noncommensurate structure consists of closely-packed cross
dipoles as FSS elements to achieve a broad-band and polar-
ization-free response. The dimensions of strip dipoles forming
a cross dipole on each FSS layer were determined by the

TABLE 1I
DIMENSIONS OF THE STRUCTURE IN Fig. 12

(cm) FSS, FSS, FSg,
d, 3.012 3270 3.702
d, 5.890 7.560 10.776
D) 10.0 12.0 16.0
R (Q/cm?) 1800 1400 1000

equivalent model formulae (1). The structure is backed by a GP,
representing the short circuit termination. In addition, the FSS
elements are interleaved by R-cards to obtain the flat-phase
response. In fact, these IZ-cards represent the resistors present
in the TL/CKT design (see Fig. 10). The R-card parameters
(resistivity and dimensions) were optimized to meet the design
criteria (2). No design formula was used to relate the resistor
values in the circuit model to the R-card parameters. However,
the ratios of resistor values remained the same as those of the
corresponding resistivity values, i.e., R1/R3 = R.1/R.3 and
Rs/R3 = R.2/R.3. In Fig. 13, the full-wave simulation results
for the designed three-layer FSS structure are displayed for a
normally incident plane wave. We observe that the design cri-
teria for the reflection coefficient are indeed attained, whereas
the resistive loading flattens the phase at the expense of some
efficiency. Also, note that the circuit model response given in
Fig. 11 agrees well with the actual response in Fig. 13. Though
being a first-order model, the developed TL/CKT process has
been very useful in understanding and designing of multilayer
FSS structures.
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Fig. 14. FSS elements investigated as candidates for broad-band reflection.

IV. FSS ELEMENT DESIGN

To achieve broad-band operation for reconfigurable arrays,
the emphasis must be on the phase control of the substrate re-
flection coefficient. Earlier, we demonstrated that a three-layer
dipole FSS can achieve a fairly flat phase response from about
0.8 to 2.3 GHz. Of interest in this section is to minimize the FSS
thickness (possibly using a single FSS layer) and to further en-
sure that the phase response is maintained at [phase(T")| < 50°.
The choice of FSS elements plays a crucial role since these ele-
ments must also be broad-band to minimize the thickness of the
FSS. Toward achieving this goal, various shapes of printed FSS
elements were investigated using the full-wave simulator (some
are shown in Fig. 14). We examined relations between element
parameters and FSS response and considered coupling effects.
It was found that bandwidth is enhanced when the FSS elements
are brought close to each other within the same FSS layer. In ad-
dition, as expected, loaded elements yield broader bandwidths.
Also, one could compromise between the individual FSS band-
width and number of FSS layers included in the design. The
displayed FAN! element in Fig. 14 was found quite attractive in
terms of magnitude bandwidth and phase response. This FAN
element can be thought of as a loaded loop. By tuning the lengths
of the loads and the inner radius of the loop, we can control the
resonance behavior of the FSS.

Once the FSS element is chosen, the desired response can
then be synthesized by increasing the number of FSS layers and
varying their separation. In particular, two layers of the FAN
element FSS (see Fig. 14) provide broad-band reflection with
unity amplitude over three octaves as seen in Fig. 15. Also, its

IThe common word “FAN” is used to denote the new FSS shape.
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Fig. 15. Reflection coefficient of the two-layer FAN element FSS.

phase response is not as oscillatory as that of the dipole. Because
of this behavior, the FAN element is a preferred choice for a
thin, broad-band FSS. Previously, it was also demonstrated that
optimizing the resistive loading provides improved FSS phase
performance. Relatively flat-phase (+50°) can be achieved by
reducing the reflected power (a loss of 3 dB or so) for an ac-
ceptable operation. In light of these observations, we designed
a single-layer, resistive FAN element FSS to achieve the de-
sign criteria for the reflection coefficient. The configuration and
unit-cell geometry of this novel FSS along with its response are
shown in Fig. 16. As seen, a relatively flat-phase response is ob-
tained over the whole band using only one layer of the resistive
FAN element FSS. Next, we consider the reconfigurable printed
antenna performance where the FSS is used as the GP.

V. RECONFIGURABLE ARRAY PERFORMANCE

Here we consider the performance of a reconfigurable dipole
array placed over the designed FAN element FSS. The dipole
length is altered using switches to operate at a different band
without a need for changing the FSS design, which serves as
a broad-band substrate. Reconfiguration of dipoles is depicted
in Fig. 17 and the frequency band of interest is 0.8-3.2 GHz.
When the switch is on, the dipole length becomes \/2 at
1.2 GHz (low-band operation). When the switch is set at the
off-state (open), the dipole length reduces to A/2 at 2.0 GHz,
thus forming the high-band configuration. In this case, besides
the excited dipole, the remaining unconnected sections of the
dipole are kept in the analysis and act as parasitic elements.
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by means of the full-wave simulator, whose accuracy for non-
commensurate structures were validated previously (see Fig. 6).
We first demonstrate the improved bandwidth achieved for
the dipole array in the presence of the FAN element FSS. In
Fig. 18, we display the broadside scanning input impedance
characteristics of the dipole array with and without the FSS for
the low-band configuration. As seen, the bandwidth improve-
ment with inclusion of the FSS is quite impressive when com-
pared to free-standing dipoles as well as dipoles backed with
a metallic GP only. This enhancement is due to the relatively
flat-phase behavior of the FAN element FSS. Since the phase is
maintained near 0°, the FSS serves to emulate a magnetic GP.
As such, it can substantially enhance the radiation properties of
the dipole array since the reflected field is in phase with that di-
rectly radiated by the antenna itself. In Fig. 19, we show the E
plane radiation patterns at different frequencies. Note that these
patterns were obtained by integrating the aperture currents

low-band dipole array for three cases: the free-standing array, the array backed
by GP, and the array over the FAN-FSS and GP.

over the unit cell. We observe that the FSS-GP provides signifi-
cant improvement in radiation performance as compared to the
purely metallic GP. Also, more than a 4-dB gain enhancement
was achieved over the band by means of the FSS-GP as com-
pared to the free-standing array configuration (despite the lossy
FSS). At this point, one may ask whether the same performance
could be achieved using a multilayered lossy dielectric above a
GP instead. The multilayered lossy configuration will however
lead to higher losses and to a much thicker ground plane.

For the high-band configuration, the switches (see Fig. 17)
are now opened and the dipole length is shortened. Besides the
fed-dipole, we now have parasitic strips present in the array
plane, but these only cause a very slight shift in the frequency
response. In Fig. 20, the input impedance characteristics of the
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E plane radiation patterns of the reconfigurable dipole array at

dipole array are displayed for the high-band configuration as
well as the low-band. As seen, the reconfigurable dipole array
over the resistively loaded FAN element FSS performs quite
well over the entire 800 to 3200 MHz band. Note, however, that
the location and dimensions of the FSS are kept the same (see
Fig. 16) for both low and high band operations. In addition, in
Fig. 21, the E plane radiation patterns for broadside scanning at
different frequencies are displayed for the reconfigurable array,
showing the broad-band radiation performance.

VI. CONCLUSION

In this paper, we presented FSS designs aimed at enhancing
the performance of reconfigurable broad-band arrays when used
as a ground plane (substrates) for such arrays. As an analysis
and design tool, we used a fast full-wave simulator employing
the hybrid FE-BI method in conjunction with the FSDA. The
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full-wave simulator is capable of dealing with noncommensu-
rate periodicities, and the accuracy of the simulator was vali-
dated with the measured data for a double-layer Jerusalem cross
FSS test-bed.

We demonstrated that if the reflection coefficient phase for
the FSS is maintained near 0°, the FSS serves to emulate a mag-
netic GP. As such, it can substantially enhance the radiation
properties of the dipole array since the reflected field adds in
phase with that directly radiated by the array itself. To achieve
this goal, we designed a novel FSS consisting of resistively
loaded “FAN” elements. This FSS test-bed was shown to pro-
vide a relatively flat-phase reflection for at least one octave at
the expense of some efficiency loss due to the resistive loading.
The designed FSS was then used as a substrate to enhance the
dipole array performance. It was demonstrated that the FSS al-
lowed the operation of the reconfigurable array over a 3:1 band-
width. The broadside impedance of the dipole was maintained
nearly 330 €2 over this band.
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