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Abstract — A compact Super ultra-wideband (SUW)
antenna is discussed in this work. A rectangular radiator
is modified into a tree-shaped structure with the defected
partial ground to enhance the operating bandwidth. The
novel rectangular parasitic with the circular slot is used
as a notch in the ground plane which prevents the WLAN
frequency. The proposed SUW antenna is achieving the
10 dB impedance bandwidth (IBW) from 3.5 GHz to
66.5 GHz frequency with a notched band varying from
5.0 GHz to 5.4 GHz. The bandwidth ratio (BDR) of the
proposed SUW antenna is 1773.4 whereas the obtained
bandwidth percentage (BW %) is 180. A modified SRR
frequency selective surface (FSS) is designed for UWB
application to improve the gain of the antenna. The com-
pact unit cell of FSS is having electrical dimensions of
0.16A9x 0.16A(. The antenna achieves the maximum
realized gain 9.46 dB when FSS is loaded as a super-
strate and up to 5.2 dB gain enhancement is observed in
the UWB frequency.

Index Terms — SUW, BDR, FSS, gain enhancement,
notch band.

L. INTRODUCTION

The present scenario of wireless communication
demands a compact antenna design with improved data
rate, large capacity and secure communication. The stan-
dard bandwidth of UWB communication is varying from
3.1 GHz to 10.6 GHz, it is preferred in short range appli-
cations [1]. To enhance the functionality of the com-
munication system, the SUW antenna can be a bet-
ter design option for long-range, short-range and many
wireless applications. Further due to the large band-
width (at least 10:1 bandwidth ratio [2]) of antenna it
provides high channel capacity with higher data rate
which can be advantageous for ISM band, GPS, GSM,
and WLAN, defense, satellite communication, aeronau-
tical navigation and radio astronomy [3]. Researchers
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proposed different structures and technologies for SUW
antenna and they focused upon compactness, bandwidth
% and BDR of the antenna. In [2], a monopole SUW
antenna having 10 dB IBW from 2.59 — 31.14 GHz was
designed in which a rectangular stub is accomplished
for the improvement of impedance matching. In [3],
three elliptical structures are used to design a tree-shaped
radiator to obtained SUW characteristics from 0.65 —
35.61 GHz frequency. Sierpinski-shaped [4], the octago-
nal fractal antenna [S]] with defects in the ground is used
to design a SUW antenna with 1414.5 and 3015 BDR
value respectively. In [6], an elliptical monopole SUW
antenna is designed where a tapered feed is used for
bandwidth improvement. In [7], CPW fed, Propeller-
shaped radiator is designed to obtain the SUW character-
istics from 3.15-32 GHz frequency. In [8]], a transparent
antenna is designed for SUW application obtaining BW
% of 191. In [9]], a gap is created between the ground
plane and radiator to achieve SUW characteristics from
2.5-110 GHz frequency.

The gain of the antenna is an essential require-
ment in wireless communication and the EM signals
can be transmitted as well as received effectively with
a high gain antenna therefore to fulfil this many gain
enhancement technologies are presented in the litera-
ture in which AMC [10-H12], Metamaterial [13H15]] and
FSS [16H21] are the major techniques introduced by
researchers. The Metamaterial techniques depends upon
the characteristics of permittivity and permeability for
the gain enhancement whereas the AMC and FSS control
the grating lobes introduced by the antenna, reflect the
radiations in a specific direction and increase the over-
all gain of the antenna. In [[10]], AMC technology is used
in multi-band antenna where gain enhancement depends
upon the reflection phase angle. In [[L1], rectangular loop
fractal AMC is positioned parallel to the ground plane
in a wideband antenna for gain enhancement. In [12],
modified circular loop AMC loaded on the CPW antenna
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where it is working as a reflector. In [13], the dielec-
tric superstrate is used the gain improvement and the
radius of slots in the superstrate altered the effective per-
mittivity. In [14], a metamaterial unit cell in the ground
plane placed diagonally enhances the gain of a dual-band
antenna. In [15], two hexagonal metamaterial cells are
placed behind the antenna having double Negative meta-
material (DNG) property increases the antenna gain. In
[16]], a single layer FSS with the modification in loop
structure is designed for the antenna operating in sub-
6 GHz frequency. In [I7], an FSS is designed using four
asymmetric rectangular conducting elements with circu-
lar slots in one unit cell for the UWB antenna. In [1§]], a
dual-layer FSS is designed for ISM band gain enhance-
ment. In [19]], two-layer FSS is developed accomplished
with an air gap between the arrays for umbrella-shaped
antenna where the UWB antenna achieved up to 4 dB
gain enhancement with the FSS arrangement. In [20],
FSS is accomplished with four interconnected square
loop metallic paths demonstrating the stopband char-
acteristics in the entire operating band. In [21]], two
layers of thin FSS are designed accomplished with
cross-shape and circular-shape design in the top and
bottom layer.

According to the literature analysis, the SUW
antenna and FSS are designed in the proposed work with
the following technical contributions and novelties.

(i) The proposed antenna is designed with a simple
structure and compact electric length of 0.294¢ x
0.354¢ where Ao is a wavelength of the lowest
operating frequency. A very high value of BDR
(1773.4) validates the compactness of discussed
antenna.

(il)) A parasitic rectangular stub with a circular slot
demonstrates stopband characteristics and a novel
WLAN notch is achieved due to formation of paral-
lel LC circuit.

(iii)) A modified SRR structure is used to design the com-
pact FSS unit cell with the electric dimension of
0.1649 x 0.164¢ and the stopband characteristics
associated in FSS superstrate are diminished from
the antenna notch band.

(iv) FSS superstrate significantly enhances the realized
gain up of antenna up to 5.22 dB in the UWB fre-
quency range.

II. ANTENNA DESIGN AND EVOLUTION

The SUW antenna and FSS is designed with FR4
substrate having dielectric constant (€,) 4.4 and 1.6 mm
substrate thickness. The proposed SUW antenna design
is depicted in Figs. [I] (a) and (b), and hardware is illus-
trated in Fig.[I](c). The antenna acquires a physical space
of 25 (U1) x 30 (U2) mm2. The SUW antenna is ensur-
ing the dimensions details as follows, P1 = 9.5 mm, U3
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Fig. 1. (a) Dimensions of top plane. (b) Dimensions of
bottom plane. (c) Prototype hardware of SUW antenna.

=85 mm, Gl =7.1 mm, P2 =9 mm, G2 = 11 mm, U4
=3 mm, P3=55mm, G3 =11 mm, U5 = 5.5 mm, G5
=3 mm, P4 =5.5 mm, U6 = 5.5 mm, G6 = 2 mm, P5
=9 mm, G4 =4 mm, G7 =4 mm, G8 = 3.1 mm, R =
2.75 mm and U7 = 7.5 mm.

The proposed SUW antenna with parasitic stub is
developed in five successive steps as depicted in Fig. 2|
In step 1, a rectangular radiating patch is designed using
eqn (1) given below.

c |/ 2
Wp=—4/— 1
P " 8;“!‘17 ()

where Wp is the patch width of the antenna, c represents
light velocity and f is the minimum operating frequency.
Using above equation the obtained width of patch is
25 mm for 3.5 GHz frequency validating the antenna
dimensions.

To obtain and validate 50 Q impedance matching of
proposed work eqn (Z) [22] is utilized as given below.

1207
, (2)
Ve [$+1.393+0.667 In (%+1,444) }

where Wp and h is the dimension of proposed antenna
and &, is effective permittivity.

Further the micro-strip feed is designed with a 3 mm
width and 7.5 mm length where partial groundconductor
height is 7 mm. The feed is also matched with 50 Q
impedance matching. The rectangular-shaped radiator’s

Zo=
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Fig. 2. Development steps of SUW antenna.

[S11] varies from 4.3 GHz to 22.7 GHz. The radiator is
modified into a polygon shape in step 2, to enhance the
10 dB IBW and improved impedance matching where
|S11] varies from 3.7-23.6 GHz. Three circular stubs are
consummated with the polygon-shape radiator in step 3,
to convert into a tree-shape structure which increases the
electric length and smoothen the current movement in the
radiator and 10 dB IBW is obtained from 3.6 - 15.5 GHz
and 18.1 - 24.1 GHz. Figure [3] (a) depicts the variations
in S| of step 1 to step 3. To advance the impedance
matching the stair-shaped defects are created in the bot-
tom plane in step 4 to obtain the characteristics of SUW
and 10 dB IBW is obtained from 3.5 - 66.5 GHz. In step
5, a parasitic stub with a circular slot is embedded in
the ground that acts as a stopband and creates a notch
from 5.0 GHz to 5.4 GHz. Figure [3](b) depicts the varia-
tions in [Sy;| of step 4 & 5 and Fig.[3|(c) shows the final
10 dB IBW of SUW antenna. The presence of a circular
defect in the parasitic stubs creates perturbation of cur-
rent distribution and the electric current flowing on the
ground has to face a longer path. This perturbation of the
path creates a change in inductance (L). Similarly, the
second effect of aperture in the ground plane is due to
the gap located below the strip conductor. The thin gap
determines an accumulation of charge and consequently
can be investigated as series capacitance (C). The com-
bination of these two singularities creates an equivalent
parallel LC circuit which results in a notch band from
5.0 GHz to 5.4 GHz frequency which can prevent the
WLAN frequencies in UWB applications. Figure 3] (d) is
demonstrating the current circulation in the antenna with
the parasitic stub.
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Fig. 3. (a) and (b) Variation in |Sy;| for Step 1 to Step 5.
(c) Obtained |S;| of proposed SUW antenna with notch.
(d) Surface current distribution in the presence of para-
sitic stub and a circular slot at 5.1 GHz frequency.



Table 1: Comparative study of proposed SUW antenna
with the recent works

Ref. |[Size (A0)>] 10dB BW % BDR
IBW
(GHz)
2 0.345 x [2.59-31.14 169 1419.86
0.345
3 0.325 x ]0.65-35.61 193 1613.7
0.368
4 0.347 x 1.68-26 175.72 1414.5
0.358
5 0.32 x 3.8-68 179 3015
0.34
6 0.37 x | 1.02-24.1 183 1167
0.42
7 0.55 x 3.0-35.0 168 805
0.38
8 0.31 x 3.15-32 164 1102.9
0.46
9 0.33 x 2.5-110 191 1391
0.416
Proposed| 0.29 x 3.5-66.5 180 1773.4
work 0.35

III. SUW ANTENNA PARAMETERS

SUW antenna should have a BDR of 10:1, and with
this BDR antenna can be designed without the restric-
tion of predefined bandwidth. SUW antenna is used in
long and short-range of communication, the parameters
like BW % and BDR determines the performance of the
antenna with realized gain, radiation efficiency and far-
field analysis. BDR reflects the compactness as well as
measures fractional usable bandwidth in SUW antenna.
A higher value of BDR assures the wideband character-
istics and the compactness of the antenna. It can be cal-
culated with given eqn (3) [1].

BW %
AL % Iy 3)
where A represents the electrical length and Ay repre-
sents the electrical width of the antenna and BW% can
be estimated with the given eqn (4) [1].

BDR =

fu—fL
C
where fy and f; are the lower and higher frequency
in operating bandwidth and center frequency fc is cal-
culated by arithmetical mean. The calculated value of
BW% and BDR are 180 and 1773.4 respectively.

BW% = x 100, (€]

IV. FSS EVOLUTION AND ANALYSIS
The proposed FSS is designed for UWB frequency appli-
cation where the FSS superstrate is positioned below
the antenna. The gain enhancement in the antenna is
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obtained maximum when the reflection of EM waves
from the FSS superstrate and radiation of the antenna
is in the same direction. The FSS unit cell is designed
for frequency 3.5 to 10 GHz with a modified SRR struc-
ture. The FSS evolution and FSS analysis as discussed
below.

A. FSS evolution

To determine the dimensions of the FSS superstrate
eqn (@) [16] is used as given below.
B §)
(14 Sin0)
where Pr is the periodicity of the unit cell, wavelength
A, is obtained from the maximum frequency in the oper-
ating band and incident wave angle is 8. At 8 = 0° and
for frequency 10 GHz, the obtained A, is 30 mm, there-
fore the dimensions of the unit cell is considered only
14 mm x 14 mm with the electric length of 0.164¢ X
0.16A9. The FSS unit cell is developed in four stages as
depicted in Fig. 4 (a). The FSS unit cell dimensions are
as follows, W2 =4 mm, L4 =6 mm, W1 = 14 mm, L3 =
7mm, W4 =2mm, L2=6 mm, W3 =10mm and L1 =
14 mm as illustrated in Fig. E(b). The fabricated FSS and
the s-parameters of evolution steps of the FSS superstrate
are shown in Figs. El (c) and (d). A square shape FSS is
designed in step(S)-1, to obtain stopband characteristics
in UBW frequency. The |S;,| is varying from 3 GHz to
10 GHz, demonstrating weak stopband characteristics.
In step 2, SRR is introduced with 1 mm uniform width
(Fw) in the FSS unit cell to improve the stopband charac-

Pr<

(b) (©

Fig. 4. Continued.
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Fig. 4. (a) FSS evolution steps. (b) FSS unit cell dimen-
sions. (c) Hardware prototype of FSS. (d) S-parameters
associated with evolution steps. (e) Extracted EC model
of unit cell. (f) FSS s-parameters with variation in reflec-
tion phase angle. (g) S-parameters of the proposed unit
cell using HFSS simulation and EC model.

teristics where |Si,| is varying from 5.6 GHz to 7.2 GHz.
In step 3, the structure of SRR is modified and improved
|S12| bands are obtained which are varying from 5.6 GHz
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7.8 GHz but still, the stopband characteristics are not
obtained in the lower operating band. Finally in step-
4, the FSS unit cell is further modified which increase
the electric length and improves the stopband character-
istics but keeping in the mind the notch characteristics of
the antenna, the stopband characteristics mitigate from
the unit cell. The final |S,| is varying from 3.0 GHz to
10 GHz except notch band where it reveals that stopband
characteristics are diminished from the results where the
antenna demonstrates the notch band. The phase angle
of |Sy;| varies linearly in entier frequency range and
decreases when the frequency is increasing except the
notch band as shown in Fig. |§| (e).

0
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Fig. 5. (a) |S11|. (b) Realized gain at different distance
between FSS and proposed antenna.

The equivalent circuit (EC) model of the FSS unit
cell is designed using QUCS software with lumped com-
ponents as depicted in Fig. @ (f). The lumped elements
of the circuit are determined from the eqn (6) and (7))
[16] where three capacitive elements C1, C2 and C3
have values of 2.67 pF, 1.16 pF and 18.58 pF along with
three inductive elements L1, L2 and L3 with values of
0.276 nH, 0.39 nH and 0.049 nH.



Table 2: Comparative analysis of proposed gain enhance-

ment technology with the other recent works

Ref. | Antenna| Technology | Operating | Gain
Size used Band |Enhance-
(mm?) (GHz) ment
(dB)
11 |64 x 64 AMC 3.36,5.96,| 3.58
9.09
12 |70 x 70 AMC 1.9-6.95 3.06
14 | 38 x 38 | Metamaterial | 2.4-5.82 3.69
16 |35 x 25 | Metamaterial | 5.6-10.3 32
17 |30 x 30 | Single layer | 3.6-6.1 4.0
FSS
18 |20 x 27| Single layer | 4.7-14.9 4.5
FSS
19 |63.65 x | Single/dual 24 4.4
51.16 layer FSS
20 |35 x 30| Single layer | 3.0-13.4 4
FSS
21 |40 x 30| Dual-layer | 8.1-13.2 33
FSS
Propo | 25 x 30| Single layer | 3.5-11.0 5.2
sed FSS
work
XL

— oL =L Cos§ F(L; ,2Fy, 6,1).  (6)
Zy L;
Be _ we= 45 Seco F(L b, 0,1), ()
Yo L,
where wi, L, the FSS width, length, h is the and 6
is the incidence angle. The extracted s-parameters from
EC model are compared with the simulated values using
HFSS-13 simulator as depicted in Fig. [3](g) where both
are having similar variations. The advance simulation
techniques as a prospective are used to extract the solu-
tion for nonconformal meshes of EM wave [24]], To solve
anisotropic Maxwell’s equations and Phase Synthe-
sis of Beam-Scanning in Deep Learning Technique [26].

B. FSS analysis
The separation of FSS superstrate from the antenna
is the vital parameter for gain enhancement and it can be
calculated with eqn (8] [16] as given below.
(ppss—ZKFdZ 2Nr. (8)
In the equation, F; is the distance of the antenna
from FSS and K is constant which is equal to 27t /A. The
value of N can be chosen for any integer value and A is
the wavelength at which the reflection phase is zero. The
reflection phase is 0° at 4.4 GHz frequency as depicted
in Fig. |4-_l| (e) and at this frequency, the value of A/4 is
17.02 mm. Keeping this in mind that the position of
FSS is varied from 13 mm to 21mm and the variation in
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|S11] and peak gain are observed. The |S11| of antenna
is having minor variations after the notch band irrespec-
tive of the FSS superstrate position but the lower oper-
ating bandwidth reduces when FSS distance behind the
antenna decreases as depicted in Fig. [3 (a). The peak
gain with the FSS superstrate at different placement is
illustrated in Fig. [§] (b) where at the 17 mm distance,
the minimum variations are observed and maximum gain
enhancement is achieved 5.2 dB. Therefore 17 mm opti-
mum distance is finalized between FSS superstrate and
antenna where the 10 dB IBW is varying from 3.5 GHz
to 11 GHz and the peak gain is having a maximum value
of 9.46 dB.

V. RESULT AND DISCUSSION

HFSS-13 software is used to simulate the proposed
antenna and FSS design whereas experimental results of
[S11] are obtained by Anritsu-MS2038C VNA and the
far-field analysis is done in the anechoic chamber. The
simulated |S;;| of the antenna is varying from 3.5 GHz
to 66.5 GHz with a WLAN notch band from 5 GHz to
5.4 GHz. As per VNA availability the |S;;| measure-
ment is carried out up to 11 GHz with and without FSS
and the measured results have similarities with the sim-
ulated values as shown in Fig. [6] (a). The measured gain
of the discussed antenna is shown in Fig. E] (b) where
the measured gain is having minor deviations which are
less than 0.5 dB in the presence of FSS also. The gain
enhancement is achieved up to 5.2 dB using a single
layer FSS. The simulation radiation efficiency is found
more than 85 % except for the notch band as illustrated
in Fig. [0 (c). The measured and simulated radiation pat-
tern with FSS are illustrated in Figures [5](e) and [6](d), at
two centre frequencies in the x-z and y-z coordinate sys-
tem which are demonstrating the omnidirectional radia-
tion pattern. The comparative analysis with related work
of SUW antenna is given in Table [I] which authorizes
that the presented tree-shaped antenna is compact having
an electrical length of 0.294¢ x 0.35A¢. The BW % of
the SUW antenna is 180 with a high value of BDR which
is 1773.4. The gain enhancement with a single layer
and single-sided FSS superstrate is compared with gain
improvement existing technology in Table [2} it reveals
that the proposed FSS enhances the gain effectively in
the entire operating band up to 5.2 dB.

VI. CONCLUSION

The tree-shaped SUW antenna is designed with a
novel parasitic stub in the ground demonstrating notch
characteristics. The tree-shaped radiator is improving the
operating bandwidth whereas defected ground enhances
the impedance matching in the antenna. The parasitic
stub with a circular slot in the bottom plane creates a
WLAN notch in the antenna. The high value of BDR
confirms the compactness of the proposed SUW antenna.
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The modified SRR based single-layer FSS superstrate is
placed below the antenna which reflects the grating lobes
and enhances the antenna gain up to 5.2 dB.
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