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Abstract—Free standing planar frequency selective surfaces (FSSs)
are studied when utilized as spatial ﬁlters for linearly polarized
antennas. The antenna spatial ﬁlter investigated in the present work is
constructed up as a ﬁnite planar array of conducting strip dipoles. The
electric ﬁeld integral equation (EFIE) technique with the Rao-WiltonGlison (RWG) basis functions are used to get the current distribution
on the conducting strips. The current distribution and backscattered
electric ﬁeld due to an incident plane wave are calculated and compared
to some published work. The eﬀect of polarization on the scattered
ﬁeld, and the frequency response of the spatial ﬁlter are studied. To
test the operation of the proposed planar FSS, a bowtie antenna is
used with the FSS employed as a spatial ﬁlter. The ﬁeld transmitted
by the antenna and passed over a wide frequency band through the
FSS is calculated. It is shown that such a free standing planar FSS
can operate as a band stop ﬁlter for linearly polarized antennas. It
is also shown that even when the size of the array is reduced, the
FSS maintains its frequency response with a very slight change in the
center frequency of the stop band. The eﬀect of element size, spacing
between the elements, and interleaving the columns of the FSS on the
frequency response of the FSS are studied. The eﬀect of the spatial
ﬁlter on the antenna input impedance is studied over a wide frequency
band. The radiation pattern of the bowtie is calculated in the presence
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of the spatial ﬁlter. It is shown that the existence of the later causes
considerable reduction in the radiation pattern within the stop band
of the ﬁlter.

1. INTRODUCTION
Frequency selective surfaces are periodic structures in either one
or two dimensions (i.e., singly or doubly periodic structures) which
performs a spatial ﬁlter operation. Thus, depending on their physical
construction, material and geometry, they are divided into low-pass,
high-pass, band-pass and band-stop ﬁlters. FSSs consist of elements
arranged in a planar or curved periodic array of single or multiple
layers to create a speciﬁc ﬁlter response. The properties of the ﬁlter
can be varied by choosing the appropriate element type, dimensions,
volumetric structure, and spacing between the elements. Early work
was concerned with the use of FSS in Cassegrainian subreﬂectors in
parabolic dish antennas [1]. FSSs are now employed in in terrestrial
and airborne radomes [2]. Radomes with ﬁnite curved frequency
selective surfaces comprised of conformal antenna arrays have been
introduced in [15]. Also, FSSs have been used in electromagnetic
shielding applications [3, 4]. In the near infrared and visible portion of
the spectrum, periodic screens have been proposed as spatial ﬁlters [5].
There are many techniques used for the analysis and design of FSS.
The most common is the modal (spectral domain) analysis [6] in which
the distribution of current induced in conducting elements (or ﬁelds in
slots) is represented as a series of suitable basis functions. Local ﬁelds
are expanded as a set of Floquet modes [7, 8]. This technique assumes
that the array has inﬁnite dimensions, but if the array is ﬁnite, special
assumptions and approximations should be applied to handle the array
truncation [7]. Multi-band frequency selective surfaces have found
many applications in microwave and optical communication systems.
Many techniques have been proposed for the analysis and design of
the employed FSSs [16–20]. In order to model the ﬁnite array FSS
accurately, a numerical technique should be used that simulate the
whole array. In the present work, the method of moment (MoM)
solution of the spatial domain EFIE is applied to analyze planar FSS of
ﬁnite extension. Studying the FSS problem in the spatial domain will
enable us to study the mutual eﬀects between an FSS and an antenna
put near to it. This was not feasible in the spectral domain methods as
the existence of the antenna in the vicinity of the FSS spoils the spatial
periodicity of the structure and hence invalidates the spectral domain
treatment. The disadvantages of doing this are the requirement for
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large computer storage and long simulation time that will increase by
increasing the size of the FSS.
The EFIE technique for scattering from conducting surfaces of
arbitrary shape was developed by Rao, Wilton and Glisson in [9], where
triangular basis functions, commonly known as RWG basis functions,
are introduced for current expansion on the conducting surface. In the
present work, the EFIE technique employing triangular patches model
for the conducting surfaces and RWG basis function for the surface
current expansion is used to study the characteristics of an array of
strip dipoles arranged in planar conﬁguration to be used as a spatial
ﬁlter for linearly polarized antennas.
2. APPLICATION OF THE EFIE TECHNIQUE AND
CALCULATION OF THE SCATTERED FIELD
In the present analysis, the EFIE approach described in [9] is applied.
The electric ﬁeld radiated due to a surface charge density σ and current
J ﬂowing on a conducting surface, S, can be obtained by the following
expression,
(1)
Es (r) = −jωA(r) − ∇Φ(r)
where A(r) is the magnetic vector potential deﬁned as,
A(r) =

µ
4π





J
S

e−jk|r−r |
dS 
| r − r |

(2)

and Φ(r) is the electric scalar potential deﬁned as,
1
Φ(r) =
4πε


S



e−jk| r−r |
σ
dS 
| r − r |

(3)

where r is a point on S and r is a point in free space. The surface
charge density σ is related to the surface divergence of the current J
ﬂowing on S through the equation of continuity,
∇s · J = −jωσ

(4)

We derive an integrodiﬀerential equation for J by enforcing the
boundary condition n̂ × (Ei + Es ) = 0 on S to obtain,
−Eitan (r) = [−jωA(r) − ∇Φ(r)]tan

(5)

The surface is divided into a number of triangular patches. Each patch
has three edges; an edge which belongs to only one triangular patch is
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called a boundary edge. Such an edge exists only on the rim of an open
surface and hence, it has no electric current component ﬂowing normal
to it. As shown in Figure 1, an edge which belongs to two adjacent
triangular patches is called a non-boundary edge. Only non-boundary
edges can have electric current components ﬂowing normal to them.
Pn-

Non-boundary
edge number n
Pn+

ln
ρn-

ρn+

rn-

r f-

n

rn+
O

r f+

n

Figure 1. Triangular-patch model for surfaces of arbitrarily-shaped
scatterers and antennas.
A current basis function is deﬁned for each non-boundary edge.
The RWG basis functions introduced in [9] is used as it is the most
appropriate vector basis functions for triangular-patch model. The
RWG vector basis function is deﬁned as follows:
fn (r) =

 l
+
n

 2Sn+ ρn ,



ln
−
2Sn− ρn ,

0,

r ∈ Pn+
r ∈ Pn−
otherwise

(6)

where ln is the length of the non-boundary edge number n, Sn+ and
Sn− are the areas of the triangular patches Pn+ and Pn− , respectively.
It can be shown that the normal component of fn (r) at the nth edge
is unity [9]. Using the basis function fn (r), the linear current density
on the conducting surface can be expressed as
J=

N


Ii fi

(7)

i=1

where, fi is the ith basis function and Ii is unknown amplitude of the
basis function associated with non-boundary edge i, and N is the total
number of non-boundary edges of the triangular patches constituting
the surface S. Now, the same expansion function RWG is used for the
testing procedure of Equation (5). After substituting A(r) and Φ(r)

Progress In Electromagnetics Research M, Vol. 2, 2008

171

from Equations (2) and (3), (5) now has the form,
Ei = F (J)

(8)

F (J) means that the incident electric ﬁeld is a function in the induced
surface current J. A set of N linearly independent testing functions
fi are used. An inner product of each testing function is formed with
both sides of the equation being solved. In the case of the EFIE (8),
the inner product results in a set of N independent equations of the
form,
(9)
fi , Ei  = fi , F (J), i = 1, 2, . . . , N
By expanding J using (2), we obtain a set of N equations in N
unknowns,
fi , Ei  =

N


fi , F (Ij , fj ),

i = 1, 2, . . . , N

(10)

j=1

This can be written in matrix form as,
[Vi ] = [Zij ][Ii ]

(11)

Zij = fi , F (Ij , fj )

(12)

where
Vi = fi , E 
i

(13)

and Ij are the unknown amplitudes of the basis functions. The linear
system of Equation (10) can, now, be solved to get the unknown current
distribution. The involved integrals of (11) are evaluated as in [10].
The scattered electric ﬁeld, E s , in the far zone can be evaluated
using (1), however, the second term in the right hand side of (1) can be
neglected and, hence, the following formula is enough for calculating
the scattered ﬁeld in the far zone,
Es = −jωA

(14)

and the RCS can be calculated as [13],
backscattered power in the direction of the radar
power density of the incident plane wave
|Eξs |2
= 4πr2
|Eo |2

RCS =

(15)

where Eξs is the scattered ﬁeld in the ξ direction (direction of the
incident electric ﬁeld, in our case it is the x-direction), Eo is the
amplitude of the incident electric ﬁeld, and r is the distance between
the FSS and the far ﬁeld point.
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3. RESULTS AND DISCUSSION
This section presents the results of a free standing planar FSS
constructed up as a square array of strip dipole elements. The following
discussions are concerned with investigating the characteristics of such
an FSS when used as a spatial ﬁlter for a reasonably wideband antenna.
When the bowtie is used as a transmitter, the transmitted ﬁeld through
the FSS |Eθ | at a distance 10 m is calculated in the frequency band 4–
16 GHz. The bowtie is then used as a receiver antenna, a plane wave
source is applied and the received voltage (induced voltage at the input
port of the bowtie) is calculated in the same frequency band. The array
size of the FSS is reduced to 10 × 10 elements and the resulting eﬀects
on the FSS characteristics are investigated. The eﬀect of interleaving
the array elements (sliding the odd columns relative to the even ones)
on the frequency response of the FSS is illustrated. The eﬀects of
the element size and the spacing between elements on the location of
the center frequency of the stop band of the spatial ﬁlter are shown.
Finally, the eﬀect of the FSS on the radiation pattern of the bowtie is
studied at diﬀerent frequencies.
3.1. Current Distribution on the Elements of a Free
Standing Planar FSS
A rectangular array of x-oriented conducting strip dipoles is used
to construct the free standing planar FSS as shown in Figure 2.
The spacings between elements in x and y direction are dx and dy
respectively. The strip dipoles are assumed to be very thin, each
dipole is divided into 4 triangular patches with 3 non-boundary edges
as shown in Figure 3. The spatial ﬁlter is subjected to a plane wave,
whose electric ﬁeld is expressed as,
Ē = (Ex x̂ + Ey ŷ + Ez ẑ)ej k̄·r̄

(16)

Ex = Eo cos θi cos φi cos ψi − sin φi sin ψi
Ey = Eo cos θi sin φi cos ψi + cos φi sin ψi
Ez = Eo sin θi cos ψi

(17)
(18)
(19)

where

where the angles θi and φi determines the direction of incidence and
the angle ψi is the polarization angle, which determines the orientation
of the electric ﬁeld.
For a spatial ﬁlter constructed as a 25 × 25 dipole elements, the
currents on the dipoles are calculated using the method explained in
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Figure 2. Free standing ﬁnite array of conducting dipoles.

Figure 3. Triangular patch model of the dipole.
Section 2, the real and imaginary parts of the current on the middle
row for each element are plotted in Figure 4(a) and Figure 4(b)
respectively for 10 GHz frequency. These current distributions are
compared to those published in [11], showing good agreement. It is
worth mentioning that the values of the currents obtained in this work
are exact values as they are calculated for the actual size of the array,
but those obtained in [11] are approximate values that depend on the
truncation of the inﬁnite summations of the matrix representing the
FSS.
3.2. Back Scattering from the Free Standing Planar Spatial
Filter
The backscattered ﬁeld (|Eφ |) is calculated and plotted in Figure 5
as a function of the incidence angle θi for the planar FSS described
in Section 3.1, with the electric ﬁeld polarized in the direction of the
dipoles (ψi = 90◦ ) and φi = 90◦ at frequency 8.5 GHz. The results are
also compared to those published in [11] showing good agreement. It is
worth noting that the maximum backscattered is obtained at θi = 0◦
and that the ﬁeld is rapidly reduced with increasing θi .
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(a)

(b)

Figure 4. Currents in the elements of the middle column of 25 × 25
dipole array in free space with dx = 1.6 cm, dy = 0.9 cm, L =
1.5 cm, W = 0.045 cm, for horizontally polarized plane wave with
θi = 45◦ , φi = 45◦ , ψi = 90◦ and f = 10 GHz. (a) real part, (b)
imaginary part.

Figure 5. Backscattered from 25 × 25 dipole array in freespace
as a function of θi with dx = 1.6 cm, dy = 0.9 cm, L = 1.5 cm,
W = 0.045 cm, φi = 90◦ , ψi = 90◦ , f = 8.5 GHz.
3.2.1. Eﬀect of the Polarization of the Incident Electric Field on the
Backscattered Field
The eﬀect of the polarization angle ψi on the backscattered electric ﬁeld
is studied for normally incident plane wave, θi = 0 and φi = 0◦ , at a
frequency of 10 GHz. The backscattered electric ﬁeld component |Eθ | is
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Figure 6. Backscattered ﬁeld from 25 × 25 dipole array in free space
as a function of the polarization angle ψi , with θi = 0 and φi = 0◦ ,
dx = 1.6 cm, dy = 0.9 cm, L = 1.5 cm, W = 0.045 cm, f = 10 GHz.
plotted versus ψi as shown in Figure 6(a). It is clear that the maximum
electric ﬁeld is obtained with ψi = 0◦ and ψi = 180◦ (i.e., the incident
electric ﬁeld is parallel to the axis of the dipoles). This is because the
maximum induced current is obtained in this case of polarization. Also
it is clear from the ﬁgure that |Eθ | decreases as ψi changes farther from
0◦ , or 180◦ , till it reaches its minimum value when the incident electric
ﬁeld is perpendicular to the dipole axis (ψi = 90◦ ), the orientation of
the electric ﬁeld for which the excited electric currents on the dipole
elements are almost zero.
3.2.2. Radar Cross Section of the Planar Spatial Filter
The frequency response of the freestanding array of dipoles is studied
for the case of normal incident plane wave θi = 0◦ and φi = 0◦ with
horizontal polarization ψi = 0◦ . The radar cross section (RCS) at a
point 10 m away from the FSS is calculated over the frequency range
from 4 to 17.8 GHz. Figure 7 shows the RCS versus frequency, it is
obvious from the ﬁgure that the peak of the RCS is at about 11 GHz.
3.3. Operation of the Free Standing Planar FSS as a Band
Stop Filter
The planar FSS composed of 25 × 25 dipole elements with L = 1.5 cm
and W = 0.045 cm, and interelement spacing dx = 1.6 cm and
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Figure 7. The dependence of the RCS on frequency for 25 × 25
dipole array in freespace for a horizontal polarized plane wave with
θi = 0◦ , φi = 0◦ and ψi = 0◦ with dx = 1.6 cm, dy = 0.9 cm,
L = 1.5 cm, and W = 0.045 cm.
dy = 0.9 cm, is now used as a radiation ﬁlter for a bowtie antenna.
The ﬁlter characteristics are investigated when the bowtie is used as a
transmitter, and also when used as a receiver.
3.3.1. Input Impedance and VSWR of Bowtie Antenna in the
Presence of the Planar Spatial Filter
The eﬀects of placing the planar FSS near a bowtie antenna on the
antenna input impedance and VSWR are investigated. Figure 8 shows
a triangular-patch model for a bowtie antenna. The antenna length
is 21.6 mm and the ﬂare angle is 90◦ . The neck width of the antenna
(length of the excitation edge) is 1.08 mm. The triangular-patch model
of this antenna has 70 patches and 89 non-boundary edges. This bowtie
is a scaled version of that proposed in [12].
The FSS is placed in the xz-plane at y = 0, with the dipoles
arranged along the z-axis. The bowtie is placed at a distance R =
3.44 cm from the spatial ﬁlter and takes the same orientation of the
dipole elements of the FSS as shown in Figure 9. The dependence of
the input impedance of the bowtie antenna on frequency is shown in
Figure 10(a) for two cases, a bowtie in free space and a bowtie near
the spatial ﬁlter. It should be noted that the antenna of the given
dimensions is resonant at about 9 GHz where the input impedance
is pure resistive. The VSWR of this antenna is also plotted against

Progress In Electromagnetics Research M, Vol. 2, 2008

177

Excitation edge
A
Flare angle
(θf )

Neck width
Aí

L

Figure 8. Triangular patch model of a bow-tie antenna.
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Figure 9. The bowtie is placed behind the planar FSS at a distance
R = 3.44 cm.
frequency as shown in Figure 10(b) for the two cases, where the source
impedance is assumed 300 Ω. It is deduced from the ﬁgure that the
bandwidth of the bowtie antenna can be considered 4.5 GHz around
its resonant frequency, i.e., about 50%. It is clear that the input
impedance is stable over a very wide range of frequency. It is clear
from Figure 10 that the input impedance and the VSWR of the bowtie
are slightly aﬀected by the presence of the FSS.
3.3.2. Bowtie Antenna as a Transmitter
The bowtie antenna described in Section 3.3.1 is used as a transmitter.
A delta-gap generator of unity voltage [12] is applied across the cut AA’, i.e., across the non-boundary edge at the center of the antenna. The
transmitted ﬁeld through the FSS |Eθ | is calculated at θi = 90◦ and
φi = 270◦ in the frequency range 4–16 GHz and plotted in Figure 11.
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(a)

(b)

Figure 10. Comparison between input impedance and VSWR of a
bowtie antenna in free space and in the presence of a 25 × 25 planar
FSS, bowtie length L = 21.6 mm, Neck width = 1.08 mm and θf = 90◦ .
(a) input impedance, (b) VSWR.

Figure 11. Radiated ﬁeld (|Eθ |) versus frequency at θi = 90◦ and
φi = 270◦ for a z-directed bowtie (L = 21.6 mm, ﬂare angle = 90◦ ,
Neck width = 1.08 mm) located at a distance R = 3.44 cm from the
25 × 25 dipole elements planar FSS.
As shown in the ﬁgure, such a planar FSS can operate as a stop band
spatial ﬁlter with 11 GHz center frequency.
3.3.3. Bowtie Antenna as a Receiver
The bowtie is used as a receiving antenna and the FSS is subjected to a
normally incident plane wave with the electric ﬁeld polarized in the z-
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Figure 12. Induced voltage at the input port of the bowtie vs.
frequency for a normally incident plane wave on the 25 × 25 dipole
elements planar FSS with z-polarized electric ﬁeld.
direction. The induced voltage |Vin| at the input port of the bowtie is
calculated in the frequency range 5–16.5 GHz. The result is compared
to the induced voltage in the input port of the bowtie when put in free
space with no FSS, the comparison is illustrated in Figure 12. One
can deduce from the ﬁgure that the FSS has a stop band centered
at 10.95 GHz. It may be worth noting that an alternative method to
study the characterristics of such a spatial ﬁlter is to evaluate the near
ﬁeld just behind the planar FSS using the method described in [14]
instead of using a receiving antenna.
3.4. Eﬀect of Reducing the Array Size of the Spatial Filter
on Its Performance
In the following discussions, the eﬀect of the FSS array size on the
characteristics of the spatial ﬁlter is investigated. The array size is
reduced to 10 × 10 elements and the frequency response is studied,
when the bowtie is used as a transmitter and when it is used as a
receiver. The radiated |Eθ | when the bowtie is a transmitter is shown
in Figure 13. The induced input voltage on the input port of the bowtie
for a normally incident plane wave with z-polarized electric ﬁeld, is
shown in Figure 14. It is clear from the two ﬁgures that reducing the
size of the array will still make it exhibit the same characteristics as
that of the large one, except for a slight change in the center frequency
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Figure 13. Transmitted ﬁeld |Eθ | at θi = 90◦ and φi = 270◦ when the
bowtie is used as a transmitter, for a 10 × 10 dipole array, the bowtie
is put at a distance R = 3.44 cm from the spatial ﬁlter.

Figure 14. Induced voltage at the input port of the bowtie when used
as a receiver, for a 10 × 10 dipole array, the bowtie is put at a distance
R = 3.44 cm from the spatial ﬁlter.
from 10.95 GHz for the 25×25 dipole array to 10.85 GHz for the 10×10
dipole array. This may be useful in some applications and also useful
in reducing the computer resources needed for simulation.
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3.5. Frequency Response of a Free Standing Planar FSS
with Interleaved Columns
The dipole elements composing the free standing planar FSS can be
arranged in a diﬀerent conﬁguration but still preserving the frequency
response of the original FSS. A spatial ﬁlter with its even columns
shifted a fraction of length (S) with respect to the odd columns, as
shown in Figure 15, is one conﬁguration. The dipole length is 1.5 cm
and width 0.045 cm, and the spacings between elements are dx = 1.6 cm
and dy = 0.9 cm in the x and y directions respectively. The FSS is put
in front of the bowtie antenna at a distance R = 3.44 cm. The bowtie
antenna has the same dimensions as that described in Section 3.3.1
and is excited with a delta gap generator at the middle edge of the
triangular batch model shown in Figure 8. A comparison between the
frequency response of the spatial ﬁlter with interleaved columns and
that of the original one is shown in Figure 5 for diﬀerent values of S.
The radiated ﬁeld |Eθ | is plotted over the frequency range 5–16.5 GHz.
The results are compared with the values of |Eθ | for the bowtie antenna
in free space. As shown in Figure 5, interleaving the array columns has
almost no eﬀect on the frequency response of the far ﬁeld |Eθ | radiated
from a bowtie antenna placed the spatial ﬁlter.

(a)

(b)

Figure 15. (a) Shifted array FSS, (b) Transmitted |Eθ | versus
frequency at θi = 90◦ and φi = 270◦ for the z-directed bowtie located
at a distance R = 3.44 cm from the 10 × 10 dipole elements planar FSS
for diﬀerent columns shift (S).
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(a)

(b)

Figure 16. (a) Frequency response for a 10 × 10 dipole elements FSS
with dipole length = 1.5 cm and width = 0.045 for diﬀerent values
of dx, (b) Dependence of the center frequency of the stop band with
increasing dx.
3.6. Eﬀect of Changing Spacings between Elements on the
Frequency Response of the Spatial Filter
The eﬀect of changing the spacings between elements on the location of
the center frequency of the stop band is investigated. The FSS is placed
in the xz-plane at y = 0, with the bowtie used as a transmitter and
placed at a distance 3.44 cm from the FSS. The dipole length = 1.5 cm
and width = 0.045 cm. Figure 16(a) shows the frequency response
of a 10 × 10 dipole elements spatial ﬁlter for diﬀerent values of the
spacing taking into consideration that dz is increased by the same ratio.
Figure 16(b) shows the center frequency of the stop band versus dx.
As shown in the ﬁgure, the center frequency has a linear dependence
on the interelement spacing within ranges.
3.7. Eﬀect of Changing Element Size on the Frequency
Response of the Spatial Filter
The eﬀect of the element size on the center frequency of the stop
band is illustrated for diﬀerent element sizes, with dx = 1.17 cm and
dz = 2.08. A bowtie antenna is placed in front of a 10 × 10 elements
FSS at a distance R = 3.44 cm and excited with a delta gap generator.
The radiated |Eθ | is calculated at a point 10 m apart from the FSS at
θi = 90◦ and φi = 270◦ . Figure 17(a) shows the frequency response of
the array with diﬀerent dipole lengths. The dependence of the center
frequency of the stop band on the element size is shown in Figure 17(b).
It is clear in the ﬁgure that they have linear dependence. It can be
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(b)

Figure 17. Frequency response for a 10 × 10 dipole array with
dx = 1.17 cm and dz = 2.08 cm for diﬀerent element sizes, (b)
Dependence of the center frequency of the stop band on the element
size.

(a)

(b)

(c)

Figure 18. Radiation pattern for bowtie behind a 10 × 10 dipoles
planar FSS placed at 3.44 cm apart from it at f = 9 GHz, (a) 3D plot,
(b) Elevation plane, (c) Azimuth plane.

184

Farahat, Hussein, and El-Minyawi

(a)

(b)

(c)

Figure 19. Radiation pattern for bowtie behind a 10 × 10 dipoles
planar FSS placed at 3.44 cm apart from it at f = 10.85 GHz, (a) 3D
plot, (b) Elevation plane, (c) Azimuth plane.
deduced from Figure 17 that the element size can be used to locate the
center frequency of the stop band at certain frequency.
It is clear from Figure 19 that the magnitude of the radiated ﬁeld
is reduced (about 20 dB from the free space value) between θ = 60◦
and θ = 120◦ in the direction of the spatial ﬁlter (i.e., φ = 270◦ ). By
noting Figures 19 and 20, it can be seen that the radiation pattern is
not much aﬀected by the presence of the FSS as the 9 and 12 GHz are
not within the stop band of the FSS.
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(a)

(b)

(c)

Figure 20. Radiation pattern for bowtie behind a 10 × 10 planar
FSS placed at 3.44 cm apart from it at f = 12 GHz, (a) 3D plot, (b)
Elevation plane, (c) Azimuth plane.
3.8. Radiation Patterns of a Bowtie Antenna in the
Presence of the Spatial Filter
The eﬀect of placing a spatial ﬁlter in front of the bowtie on its
radiation pattern is studied at diﬀerent frequencies. The dipole size
used here has length of 1.5 cm and width of 0.045 cm, with interelement
spacing 0.9 cm and 1.6 cm in x and z-direction respectively. The
selected frequencies are chosen as: one frequency before the stop
band, another at the center frequency of the stop band, and another
frequency after the stop band, those frequencies are 9, 10.85, and
12 GHz respectively. Figure 18(a) shows the 3D plot of the radiation
pattern at 9 GHz and Figures 18(b) and 18(c) shows the elevation and
azimuth plots also at 9 GHz. Figures 19 and 20 shows the same data
for 10.85 GHz and 12 GHz respectively.
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(a)

(b)

Figure 21. Radiation pattern for a 25 × 25 dipoles planar FSS at
f = 10.95 GHz, (a) Elevation plane, (b) Azimuth plane.
The radiation pattern is also plotted at the center frequency of
the stop band of the 25 × 25 dipole elements spatial ﬁlter, namely
at 10.95 GHz, the results are shown in Figure 21. By comparing this
ﬁgure with Figure 19, it can be seen that there is much reduction in the
magnitude of the radiated ﬁeld than the 10 × 10 case, this is because
the ﬁlter characteristics will improve by increasing the size of the array.
This is a design parameter that should be speciﬁed by the application
requirements.
It should be mentioned here that if we want to reduce the radiated
ﬁeld in all directions around the antenna, we have to use an FSS that
surround or enclose the antenna.
4. CONCLUSIONS
In this paper the characteristics of a single layer free standing ﬁnite
FSSs utilized as spatial ﬁlter for linearly polarized antennas, are
studied using MoM solution of the EFIE with triangular basis functions
used for current expansion on conducting surfaces. From the results, it
is evident that arranging the 25 × 25 array of dipoles with dimensions
of 1.5 cm in length and 0.045 cm width for each dipole, and spacings
between elements of 1.6 cm in the longitudinal direction (direction of
the dipole axis) and 0.9 in the transverse direction will characterize
the FSS with a stop band centered at 10.95 GHz. It is also noted that
in order to induce the maximum currents on the dipoles, the incident
wave should have electric ﬁeld polarized in the direction of the dipole
axis. The proposed FSS is then used as a spatial ﬁlter for a bowtie
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antenna. The input impedance and VSWR of the bowtie are calculated
in free space and in the presence of the spatial ﬁlter. It is found that
placing the FSS in the vicinity of the antenna will have a negligible
eﬀect on its impedance and VSWR. The eﬀect of reducing the size of
the array is investigated and it is found that a reduced array of 10 × 10
elements will exhibit the same characteristics as the 25 × 25 dipoles
array. Also, it is exploited that interleaving the array columns will not
alter the array characteristics. The eﬀect of changing element size and
interelement spacing are studied. It is found that they can help locate
the center frequency of the stop band at certain frequency. It is shown
from the radiation pattern for the bowtie that radiation intensity is
much reduced at the direction of the FSS. Thus, the proposed FSS can
be used as radiation ﬁlter for linearly polarized antennas.
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