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Abstract In this paper, the relationship between the num-
ber of unit-cells used in the design of a frequency selec-
tive surface (FSS) and its expected directivity is established.
The relationship between the number of FSS unit-cells and
the directivity is based on the planer microstrip patch array
antenna design concept where the unit-cell is treated as the
superstrate illuminated by the source. To validate the pro-
posed technique, the analytical value of the directivity has
been compared with that of ray-tracing method. The direc-
tivity of antenna is calculated for two different planar array
configurations at 600 GHz. The results of numerical analysis
are compared to that of the full-wave electromagnetic sim-
ulator CST Microwave Studio and results are comparable.
Further, the directivity computed by this proposed technique
has also been compared with that of the reported in litera-
tures.

Keywords Microstrip antenna · Directivity ·
Uniform planar array · Frequency selective surface

1 Introduction

Simple probe-fed microstrip patch antenna suffers from the
poor directivity [1] which can be enhanced by using a highly
reflective surface as the superstrate [2]. In general, the direc-
tivity of the antenna increases due to the collimation of the
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electromagnetic field in the intended direction. The radiation
of electromagnetic field is due to the leakage of the energy
from inter-frequency- selective- surface gaps and this kind of
the antenna can be modeled as the leaky wave antenna [3].
However, a list of the computation methods of this kind of
the antenna is documented in [4].

Recently, on the basis of the various modeling techniques,
the cavity resonator antennas (CRA) have extensively been
studied at the microwave and millimeter wave frequencies
[5–14] to enhance the gain and directivity of the antenna.
However, there is the similarity among all these studies that
the size of the superstrate is comparatively large and semi-
infinite superstrate has been used in analysis. Apart from the
microwave and millimeter-wave, there is also the demand
of highly directive antennas at terahertz frequency for var-
ious applications like imaging and sensing [15]. Further,
to meet the future demand of the wide bandwidth, there is
the need to enhance the operating frequency of the antenna
to terahertz regime of the electromagnetic spectrum [16]
and at this frequency, due to the heavy path-loss [17], sig-
nificantly high directivity antennas are required [18]. At
the high frequency (millimeter and terahertz), number of
antennas have been reported in literature [19–26] but they
all cannot be used in the system-on-chip design. Due to
the on-planar configuration capability, the microstrip anten-
nas find potential applications at the terahertz frequencies
[27].

However, either at the microwave/millimeter wave or ter-
ahertz frequency, the directivity of the CRA antenna is influ-
enced by the number of unit-cells used in the array, its geom-
etry and the periodicity of the unit-cell. In general, the size
of the superstrate is considered to be large but the exact rela-
tionship between the number of unit-cells and the achieved
directivity at the chosen resonance frequency has not been
investigated.
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Fig. 1 Schematic of the a side-view of a probe-fed microstrip antenna
with superstrate and b top-view of the FSS superstrate

In this paper, we have established a relationship between
numbers of unit-cells used in CRA to the directivity of
the antenna using the two-dimensional planar array tech-
nique. The manuscript is organized in the following manner.
The Sect. 2 deals with the theory of operation of the pro-
posed antenna. Section 3 predicts the directivity of the pro-
posed antenna at terahertz frequency. The Sect. 4 deals with
the comparison of the directivity of antenna with recently
reported literature at microwave frequency. Finally, the Sect.
4 concludes the work.

2 Theory of operation

The schematic diagram of a microstrip patch antenna with
FSS as superstrate is shown in Fig. 1.

In Fig. 1a, the side-view of a rectangular microstrip patch
antenna with FSS as superstrate is shown. In this figure, a
simple patch of physical length (L) and width (W ) is placed
on a dielectric substrate of thickness ‘d’. The patch is exited
by a cylindrical probe of radius r . A metallic FSS array work-
ing as superstrate as shown in Fig. 1b is placed at height ‘h’
above the substrate and supported by dielectric material. The
thickness and dielectric permittivity of the substrate and that
support to the FSS are same. The thickness of the ground
plane, radiating patch and FSS array is same and it is equal

to ‘t’ and the periodicity of the FSS unit-cell along x- and
y-axis is �x and �y , respectively. The analysis of this kind
of the antenna involves the prediction of the resonant height
of the cavity and the peak directivity of the antenna using the
unit-cell model of the FSS at the resonant height [28]. How-
ever, for other than peak directivity, the analysis is divided
into two parts as: (a) calculation of the resonant height of
the cavity and (b) establishing the relationship between the
number of unit-cells to the beam-width and directivity of the
FSS array superstrate antenna.

2.1 Resonant height

The resonant height of the FSS superstrate antenna is pre-
dicted with the help of resonance estimation using the ray-
tracing technique which has been frequently used in the past.
The resonance condition for the antenna structure at bore-
sight angle and the operating frequency at height of the super-
strate above the substrate is obtained as [28]:

h = Nλ

2
+

(
φg + φFSS

π

)
λ

4
N = 1, 2, 3. . .. . .. (1)

In Eq. (1), N , λ, φg and φF SS are the integer numbers,
free-space wavelength, reflection phase angle of the ground
plane and reflection phase angle of the superstrate unit-cell,
respectively. The value of φg is obtained by using the follow-
ing formula.

φg = π − 2 tan−1
(

Zd tan (βd)

Z0

)
(2)

In the Eq. (2), Zd , Z0 and β are the characteristics impedance
of the wave in dielectric substrate, characteristic impedance
of the wave in free-space and the phase constant of the wave
in the substrate, respectively.

2.2 Directivity

In general, the directivity of FSS array is described by eval-
uating the phase angle and the magnitude of the reflection
coefficient (�) of the unit-cell of array [29] which consid-
ers the array of semi-infinite length. However, for the finite
number of unit-cells, with the small discrepancies, the planar
array concept [30] may be used to calculate the directivity. In
this way, by knowing the value of directivity, the number of
unit-cells can be decided or from the knowledge of unit-cells,
the directivity may be calculated. In the planar antenna array,
the illumination of the superstrate decreases with the increase
in the distance of the parasitic element from the source. Fur-
ther, with the increase in the distance of parasitic element,
the enhancement in the gain/directivity tends to be saturated.
On this basis, it is stated that the most of the radiated power is
due to elements placed in the vicinity of the primary source
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and each superstrate element near the source is equally illu-
minated. In this case, the half-power beam-width and the
directivity of the antenna as shown in Fig. 1 are related to the
number of unit-cells by the expression [30].

φxz = 2.65λ

Mπ∧x
(3)

φyz = 2.65λ

Nπ∧y
(4)

In the Eqs. (3) and (4), φxz , φyz , M , N , ∧x , ∧y are the half-
power beam-width in xz-plane, half-power beam-width in
yz-plane, number of unit cells along x-axis, number of unit
cells along y-axis, periodicity along x-axis and periodicity
along y-axis, respectively. The broadside directivity ( θ = 0◦)
of the antenna in the far-field is approximated by following
mathematical expressions.

D ≈ 4π

2φxzφyz
(5)

or

D ≈ 8.83M N ∧x ∧y

λ2 (6)

or

D ≈ 8.83A

λ2 (7)

and

Dd B ≈ 10 log
8.83A

λ2 (in dB) (8)

In the Eqs. (5)–(8), D, A, and DdB are the directivity of the
antenna, total surface area of the superstrate and directivity
in dBi, respectively.

3 Prediction of directivity at terahertz frequency

To validate the theory presented in the Sect. 2, we have inves-
tigated a probe-fed rectangular microstrip antenna with two
different sets of unit-cell array size at 600 GHz in this section.

3.1 Analysis of the frequency selective surface

A capacitive FSS unit-cell is shown in Fig. 2. The reflective
surface of the unit-cell is made of copper (σ = 5.8 × 107

S/m) whose length, width and thickness (t) are 152, 110 and
20 µm, respectively. The reflective surface is supported by a
50 µm thick low-dielectric permittivity PTFE (εr = 2.08 and
tanδ = 0.0004) material. The length and width of the sup-
porting dielectric are 160 and 120 µm along x- and y-axis,
respectively.

Fig. 2 The unit-cell of the FSS with support

Fig. 3 The reflection coefficient a magnitude and b phase angle of the
unit-cell

The reflection phase and magnitude of the FSS unit-cell
is shown in Fig. 3 which reveals that the magnitude of the
reflection coefficient (|�|) > 0.97 and phase angle at 600
GHz is −171.5◦. The value of ‘h’ as shown in Fig. 1 is
computed by using Eqs. (1) and (2) and it is 200 µm to
achieve the resonance of the antenna at this frequency.

3.2 Geometrical configuration of antenna

A simple rectangular patch antenna along with the FSS array
is shown in Fig. 1. The length of the patch along x-axis, width
of the patch along y-axis and thickness of the patch along z-
axis are equal to 152, 110 and 20 µm, respectively. The patch
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Fig. 4 Schematic of the antenna with 11 × 15 unit cells a bottom and
b side view

is placed on a 50 µm PTFE substrate material. The substrate
is followed by a 20 µm thick copper ground plane and the
superstrate (FSS) along with its support is placed at the height
‘h’ above the substrate material. The antenna system is fed
by a 5 µm radius cylindrical copper probe which is placed
70 µm away from the centre of the patch along x-axis.

3.3 The effect of the number of cells on the directivity

To show the relationship between the number of unit-cells/
superstrate area to the directivity of FSS antenna, we have
analyzed two antenna systems.

3.3.1 Superstrate with 11 × 15 unit-cells

The structure in this case is shown in Fig. 4. The number
of unit-cells along x- and y-axis are M = 11 and N = 15,
respectively. The periodicity of array along x- and y-axis
are 160 and 120 µm, respectively. The size of substrate and
ground plane is 2000 × 2000 µm2 (16λ2). The substrate and
ground plane size have been selected in such a way that they
completely cover the superstrate.

The beam-width of the antenna in XZ- and YZ-plane is
obtained by using Eqs. (3) and (4), which is equal to 13.45◦
and 12.3◦, respectively. Further, the directivity of antenna cal-
culated by Eqs. (6) and (8) is 20.49 dBi. To validate the analy-
sis, the structure has been simulated by using CST Microwave
Studio and the radiation pattern obtained by this simulation
is shown in Fig. 5. The simulated half-power beam-width
of the major lobe of the antenna in XZ- and YZ- planes are
13.9◦ and 13.7◦, respectively.

Figure 5 shows that the simulated directivity of antenna
at 600 GHz is 18.5 dBi. The deviation between predicted
and simulated value of the directivity and beam-width arises
due to the leakage of energy as the formed cavity is small
to encompass all the radiated energy. Moreover, the side-
lobes are significant in ±40◦ ≤ θ ≤ ±60◦ ranges which
can be reduced by increasing the superstrate, substrate and
ground plane size. However, the main objective is to relate

Fig. 5 The radiation pattern of 11 × 15 FSS array superstrate antenna
at 600 GHz

Fig. 6 S11 parameter of the proposed antenna as shown in Fig. 4

the number of unit-cells to the directivity of antenna and it
is obtained. The S11parameter of the antenna is shown in
Fig. 6. The resonance is achieved at h = 205 µm instead of
200 µm. However, they are again comparable. The −10 dB
impedance bandwidth of the antenna is 6.12 GHz.

3.3.2 Superstrate with 16 × 29 unit-cells

In this example, the size of FSS array has been increased to
16×29 cells and to cover the superstrate area, the size of the
ground plane and substrate has also been increased to 4000×
4000 µm2 (64λ2).However, other geometrical parameters of
the antenna are remain unchanged. The top-view of antenna
is shown in Fig. 7.

In this case, the computed half-power beam-width of the
antenna in XZ and YZ planes is 7.8◦ and 8.6◦, respec-
tively. The computed directivity of the antenna is 24.97
dBi. The simulated radiation pattern obtained by using CST
Microwave Studio is shown in Fig. 8 which reveals that the
beam-shape is improved in ± 40◦ ≤ θ ≤ ±60◦. The direc-
tivity of antenna obtained by simulating the structure with
CST Microwave Studio is 24.37 dBi which is comparable to
that of the predicted value. However, in this case the peak
directivity is achieved at 592 GHz instead of 600 GHz and
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Fig. 7 The top-view of the 16 × 29 unit-cell antenna

Fig. 8 The directivity of the antenna with 16 × 29 unit-cells

Fig. 9 S11 parameter of the 16 × 29 unit-cell FSS array antenna

the S11of the antenna is shown in Fig. 9. This downshift in
the resonance frequency is due to the superstrate loading and
the change in the effective dielectric permittivity of the media
within the cavity [26]. However, the analytical and simulated
directivity are comparable at the resonance frequency.

To validate the uniform planar array model of the pro-
posed FSS array antenna presented in this paper, we have
also computed the directivity of the antenna at resonance by
using the ray-tracing method. According to this model, the
directivity of the cavity is given as [2,31]:

D = 1 + |�F SS ( f, θ = 0◦)|
1 − |�F SS ( f, θ = 0◦)| (9)

In this case, the broadside directivity of the cavity is predicted
by the analysis of reflection coefficient magnitude (|�F SS|)
of the unit-cell and the total directivity (in dBi) is obtained
by adding the directivity of the primary source to this. On
this way, the magnitude of reflection co-efficient of the unit-
cell is obtained from Fig. 3a and it is 0.97 and the computed
directivity of the cavity is 18 dBi. When a microstrip antenna
whose directivity lies in between 6 and 7 dBi is used as a
primary source the total expected directivity is 24–25 dBi
and it is again comparable with the predicted directivity of
the antenna.

4 Validation of numerical model at microwave
frequency

To validate the proposed theory in the preceding Sections,
we have applied this numerical technique on two recently
reported works [26,30].

4.1 Design example-1

Foroozesh and Shafai [29] have investigated various para-
meters of the probe-fed cavity type microstrip patch antenna
and have found the effect of FSS superstrate area on the
directivity of antenna. When we apply the proposed method
to the already investigated structure, the response is similar.
In Figs. 8a and 9 of the reported literature [29], the authors
have demonstrated the directivity of the antenna for differ-
ent superstrate area. We have used Eqs. (7) and (8), and
obtained the similar result which is presented in Table 1.
Table 1 depicts that the analyzed directivity of the proposed
antenna is comparable with that of [29].

Table 1 Comparison of results of reported literature

From Ref. [29] Directivity (dBi) by
proposed method

S. No.Size of FSS
array cm2

Resonance
frequency

Directivity
(dBi)

1. 5 × 5 8.88 12.8 12.8

2. 15 × 15 8.30 21.0 21.85

3. 21 × 21 8.30 24.77 (Appx.) 24.77
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4.2 Design example-2

In this example, we have referred the work of Feresidis et. al.
[32], in which the authors have investigated partially reflec-
tive surface (PRS) and artificial magnetic conductor (AMC)
type surfaces. However, we are concerned only about PRS
type antenna and its detail explanation can be found in the
said literature ([32] Fig. 3a, Sect. 4.1, Fig. 9b, Sect. 4.2). The
analysis of the antenna has been carried out at 14 GHz. In
this case, the size of reflective surface and the support to the
unit-cell are equal to 10 × 10 and 11 × 11 mm2 for the PRS
structure, respectively. To enhance the directivity of antenna,
total 9 × 9 patches have been used in the design of the PRS
as superstrate. On this way, the computed directivity of the
antenna by using Eqs. (6) and (8) at the resonance frequency
is 22.76 dBi against 20.5 dBi reported in the literature [32].
The deviation is attributed to the various losses and especially
to the size of the cavity.

5 Conclusion

In this paper, we have established a relationship between
the number of unit-cells used in a FSS array superstrate
antenna and its directivity at the resonance frequency. From
this analysis, it is revealed that the directivity of antenna at
the resonance frequency can be predicted by the knowledge
of the unit-cell geometry and its periodicity. On this way,
a generic solution to this problem is presented in this paper.
Interestingly, in the analysis of the antenna, various commer-
cial simulation software like CST Microwave Studio in the
present work, Ansoft HFSS in [29], and Microstripes in [32]
have been used and all these results are comparable with the
proposed method. However, the analysis indicates that the
directivity of cavity type antenna with capacitive patch FSS
can be predicted by using the uniform planar array concept.
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