


 

 

Proceedings of the 48th National Conference on Fluid Mechanics and Fluid Power (FMFP)  
December 27-29, 2021, BITS Pilani, Pilani Campus, RJ, India.  

FMFP2021-10-136  

Numerical Analysis of Open-Water Propeller Performance and Submarine Hull Drag   
 

Pritam Ghosh1, Pranibesh Mandal2   
 

1Department of Mechanical Engineering, Heritage Institute of Technology, Kolkata-700107, India   
2Department of Mechanical Engineering, Jadavpur University, Kolkata-700032, India   

ABSTRACT 

The selection of appropriate propeller size meets the need of a 

submarine to move forward with the desired velocity against 

hull drag. In the present study, the Open-water behavior of a 

B-series four-bladed propeller and hull drag of a submarine 

with a realistic geometry have been studied through numerical 

simulation by using the ANSYS-Fluent software platform.  

The rotation of the propeller has been given by frame motion 

and the Shear Stress Transport (SST) k-ω model has been used 

for turbulence flow modeling. The grid independence test has 

also been performed at the onset. The propeller performance 

coefficients and submarine hull drag have been obtained by 

varying flow velocity. This result has helped in predicting the 

maximum thrust of the propeller and maximum velocity of the 

submarine. For validation purposes, the results of propeller 

coefficients obtained from numerical simulation have been 

compared with experimental data of existing literature and 

found good acceptance.      

 

Keywords: B-series Propeller, Grid Independency, Open-

water Performance, Propeller thrust, Submarine hull drag, 

Turbulence model.  

 

1. INTRODUCTION 

In marine propulsion, the widely used propeller and its 

design play a very crucial role. Moreover, from the point of 

view of the power estimation, the submarine's hull-propeller 

interaction has great importance. The main objective of 

designing a propeller is to provide maximum thrust and 

minimum torque for the optimum rotational speed. Besides, 

achieving the maximum efficiency, low noise and lighter 

weight also fall under the shade of propeller design. Until and 

unless these designed propellers are not tested through 

experiments, the actual performance of these propellers cannot 

be found out. However, such experiments are not only too 

expensive and time taking, but also assessment of such 

propeller behind hull where the highly disturbed wake zone 

exists is really a challenging job [1]. Thanks to the rapid 

development and advancement of computational fluid 

dynamics (CFD) technology it is possible to conduct such 

studies numerically in a simulation frame and to achieve very 

close prediction of actual propeller performance in real-time. 

Basically in an open-water test, the propeller is tested in 

towing tank without the hull. Here, the performance 

characteristic attributes viz. thrust and torque coefficients as 

well as the efficiency with advance ratio, are measured as the 

efficiency of the propulsion system is greatly dependent on 

these performance attributes. 

 

2. LITERATURE REVIEW AND OBJECTIVE 

In 2017, Delen et al. [2] evaluated the power and 

resistance of a submarine (DARPA SUBOFF) using both 

numerical analysis and empirical method. In their research, the 

open-water analysis of propeller was done numerically and 

finally validated with experimental data. Besides, the self-

propulsion of the vehicle was studied using different 

velocities. They also applied the Actuator Disc Theory in self-

propulsion tests with CFD for making the analysis robust. 

Investigation on resistance characteristic of a DARPA-

SUBOFF submarine was done by Budak and Beji [3]. In this 

study taking the DARPA-SUBOFF submarine as a base 

model, nine geometric variant models were developed by 

combining three slightly different bow and three different 

stern forms with each other. Analysis of these newly 

developed submarine model had been done using commercial 

software ANSYS-FLUENT where SST k-ω model was used 

for computation. Since power is limited to any underwater 

submarine, minimization of hull drag could provide a longer 

dive span to the submarine. While designing any submarine 

hull, one should focus on various hydrodynamic parameters 

which play very significant role in submarine motion during 

submerged condition. Drag of submarine is one of them. In 

2018 Ghosh and Mandal [4] have worked on pressure and 

shear stress distribution on an autonomous underwater 

vehicle’s hull. A 3D submarine hull in the simulation frame 

has been used to conduct the study using ANSYS-FLUENT 

software and analyze the distribution of pressure and shear 

stress distribution over the external hull of the submarine. 

Taskar et al. [5] have worked on propulsion system of a ship 

to investigate the propulsion at different wave conditions. To 

do so they used an inertial shaft model and applied a 

methodology for estimation of wake in waves. From their 

study it has been observed that there is a drop in propulsion 

performance when they considered the engine propulsion 

dynamics, wake variations and other losses. For power 

performance of any submarine, hull-propeller interaction plays 

an important role. In 2014, Nan and Sheng-li [6] studied on 

five bladed propeller having a high-skew of a submarine 
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model in submerged and near surface conditions using 

computational method. Volume of Fluid (VOF) method has 

been implemented and sliding mesh technique has been used 

for giving rotation to the propeller. They compared the 

numerical solution of various propeller performance attributes 

viz. thrust, torque etc. with experimental data and found good 

agreement. 

Recently Ghosh and Mandal [7] have studied on an 

innovative underwater vehicle which has four ballast tanks for 

controlling of depth, roll and pitch motion. The main objective 

of their study was to eliminate some of the control surfaces by 

placing the ballast tanks innovatively. In the present study a 

similar type of submarine model having a realistic geometry 

has been used. For this submarine a suitable propeller is 

required to provide the forward motion to the submarine 

against hull drag. Based on this scope, the objectives of this 

present study are drawn as follows: 

- To choose a suitable size of propeller relevant to 

submarine size. 

- To design the propeller based on its chosen size. 

- To measure the performance of the designed propeller. 

- To measure the submarine drag force at different 

submarine speeds. 

- To compare the propeller thrust with submarine drag 

force. 

 
3. GEOMETRY AND NUMERICAL METHODOLOGY 

In this study an innovative and realistic submarine model 

[7] has been used. This model submarine is of 1 m in overall 

hull length, 0.2 m in maximum width and 0.16 m in height. It 

consists of control surfaces on rear and four ballast tanks 

inside. SolidWorks software has been used for constructing 

this model which is shown in Fig. 1. The propeller model used 

is a four bladed, right-hand, skewed B-series propeller having 

outer diameter (D) of 0.16 m. and area ratio (AE/AO) equal to 

0.8. Other details of the propeller geometry is given in Table 1 

along with a modified modeled propeller which has been 

drawn with the help of AutoCAD and SolidWorks software as 

shown in Fig. 2, Fig. 3 and in Fig. 4. 

 

 
Figure 1: Geometrical model of the submarine 
 

 
Figure 2: Geometrical model of propeller (side 
view) 

 
Figure 3: geometrical model of propeller (front 
view) 
 
Table 1: Important propeller parameters 

r/R 

Pitch-

diameter 

ratio (P/D) 

Skew 

(degree) 

Chord-

diameter 

ratio (c/D) 

in % 

Blade 

thickness 

ratio (t/D) 

in % 

1 1 32.00 0.48 0.24 

0.95 1 26.89 40.09 0.86 

0.90 1 21.62 53.07 1.23 

0.80 1 10.98 66.98 1.98 

0.70 1 2.79 71.82 2.73 

0.60 1 -2.96 71.44 3.49 

0.50 1 -6.70 68.00 4.24 

0.40 1 -8.85 62.77 4.99 

0.30 1 -9.99 56.01 5.74 

0.20 1 -9.80 47.96 6.49 
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Abstract 

Shock wave motion is important in many areas of engineering like blast wave modeling, 

medical applications, aeronautical design, etc. Aerodynamic testing is increasingly dominated 

by numerical research where shock wave diffraction is one of the fastest transient fluid flow 

processes. Mostly, previous works emphasized on sharp or abrupt changes in geometry which 

causes immediate flow separation. In present study, round corners are investigated and the 

intricate flow features are summarized. Numerical simulations are performed using Finite 

Volume Method. The rounded geometry requires laminar viscosity model due to continuous 

changes of the orientation. The unsteady flow field is designed to have an understanding 

appropriate to the actual test case under consideration. The shock diffraction process, shear 

layer, vortex generation, secondary and tertiary waves are clearly investigated. 

 

Keywords: Shock diffraction, flow separation, laminar viscosity, unsteady flow, Shear layer, 

vortex generation. 
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Abstract

This work is an attempt to collate the data and

discover the foremost relevant candidate-job

association mapping concurring with the skills,

interests, and preferences of a user and to provide a

possible job opportunity as an efficient solution.

Several personalized content-based and case-based

approaches are considered in this regard. The

investigation involves several feature-based item

representation methods along with feature-
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weighted schemes. A comparative evaluation of the

distinctive perspective is performed utilizing Kaggle

data respiratory. The investigation of this study has

shown that job transitions can be successfully

predicted. The delicacy of the model can be

evaluated based on various algorithms of machine

learning such as Naïve Bayes, Logistic regression,

support vector machine, random forest, K-nearest

neighbors, and multilayer perceptron. In this work,

the hybrid recommender framework is created to

analyze the further investigation in advance to

make an identification of the region of opportunity

for the prediction of a suitable job. To get the most

expected outcome optimization techniques has

applied and after utilization of various machine

learning algorithms on hybrid approaches, the

classifier of Random Forest gives better results. By

this examination, the system of job

recommendation can give proper assistance to job

searchers improving accuracy and scalability.

Keywords

Natural Language Processing

Machine Learning Random Forest

Hybrid model Optimization
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Abstract- Proposal and comprehension of spur line 

embedded frequency notched Ultrawideband 

antenna is projected in this paper. The 

performance of the antenna is enhanced by using 

square shaped metamaterial. Quarter-wavelength 

long spur line (lines) on the feeding microstrip line 

of UWB antenna backs a notch-filtering action to 

provide single/double/triple notch (notches) within 

the UWB spectrum of the antenna. The planned 

method is very simple and radiator independent. 

The conventional monopole antenna is loaded with 

square shaped metasurface (MS) to enhance the 

performance of the antenna.  With and without 

metamaterial loaded single, double and triple spur-

line embedded microstrip fed   circular monopole 

antennas are separately designed, fabricated and 

measured. All the deliberate models are fabricated 

and considered for measurement of impedance and 

radiation characteristics .Measured results show 

very good consistency with that of results obtained 

from full wave simulation.   

Index Terms- Metamaterial, Notched antenna, Spur 

line filter, UWB Antenna. 

I. INTRODUCTION

Research on UWB technology remained 

quiescent for quite a few decades due to various 
issues like dispersion, power restriction, short 

range, etc. However, with the ever growing 

demand of high speed and high data rate 
communication, created   a new landmark in 

wireless industry in 2002 when a special band of 

3.1-10.6 GHz was assigned for UWB 
communication by FCC with proscribed power 

level [2]. However the band conjoining of this 

approved UWB spectrum with different narrow  

band services, such as Wi-MAX(3.3-3.7GHz) 

,WLAN(5.170-5.815 GHz) and 7.25-7.75 GHz 

X-band satellite downlink etc. forced extra
bondage of impeding  spread over these narrow

band services. Copious UWB researches/groups

have conveyed this narrow band interference

elimination method over the last decades. These
interference lessening practice can be mostly

categorized as : (a) launching different  shaped

slots on the radiator/ or in the feed region,(b)
using parasitic resonator around/beneath the

radiator [3]-[8].(c) blending of  (i) and (ii).The

major flaws in  attaining the frequency notch by

these technique are  i) conciliation in radiation
performance of the antenna in the expected

frequency band, ii) designs are not simply

/readily scalable to the new desired frequency, iii)
the designs are extremely precise to antenna

geometry .An alternative method of frequency

notched UWB antenna scheme by presenting a
pair of split ring resonator in the feed region of

the CPW fed UWB monopole antenna presented

in [9]. Loading of such SRR in the aperture of the

horn antenna [10] has been introduced to design
frequency notched horn antenna. Two dissimilar

methods of SRR stacking have been recently

projected [10] to plan antipodal tapered slot
antenna with assimilated frequency notched

features.

In this paper, a quarter wave length spur line 

implanted on the feeding microstrip section of the 

antenna is anticipated.  The quarter wave length 

long spur line efficiently turns as parallel 
resonant circuit [11]-[17], compliant with the 

band rejection possessions at its resonant  
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frequency. Dual/triple band-notched enactments 

were achieved by using multiple spur lines of 
changing length.Key losses in the form of 

‘surface waves’ in antenna have been 

considerably reduced as illuminated in [18]. The 

modification of RF signals with square shaped 
metamaterials placed on the antenna radiator 

plane is the central appeal of this paper. Thus in 

this proposal, the design of filtering section, 
square shaped meta-surfaces and the radiator are 

entirely independent.  

The originality of the proposal is that due to 

placement of periodic metasurface the attainable 

maximum realized gain is 6.45 dBi that is little 

bit higher than the conventional frequency 
notched Monopole antenna 5.47dBi. The paper is 

covered as follows: Section-II deliberates the 

design steps of the projected frequency notched 

UWB antenna. Design and apprehension of the 
notch-filters along with validation using EM 

simulation and S-parameters measurements of the 

fabricated prototype is conversed in Section -III. 

Section-IV deals with the complete impedance and 
radiation characteristics measurements of 

fabricated antenna prototype. The paper is 

concluded in Section –V. 
II. ANTENNA DESIGN

Figure 1(a) and (b) shows the diagram of the 

projected spur line embedded and 

metamaterial loaded microstrip fed frequency 

notched UWB Monopole antenna. The central 

UWB radiator is a circular monopole of radius 

R fed by 50-ohm microstrip line of width Wm 

and length (LG+t) . Fig 1(a), shows a  quarter 

wave length spur line of length lvs and width ws, 

housed  on the feeding microstrip line of the 

MPA. Figure 1(c) shows the exaggerated view 

of the i-th spur line, where i ranges from 1 to 3, 

for single, dual and triple notched operation of 

the proposed UWB antenna. The stand alone 

circular MPA without any spur-line on the 

feeding microstrip, acts as the basic UWB 

radiator [19]-[20]. Embedding a quarter wave 

spur line of length lvsi yields a notch frequency 

fn given by, 

Where reff is the effective dielectric constant 
obtained from well-known empirical equation [21] 
.The equivalent circuit of the proposed antenna is 

shown in fig.2. 

Three set of prototype antennas are fabricated on 
Taconic substrate having r = 2.33, tan δ = 0.0012 

and thickness h =1.575 mm. The detail design 

parameter of the planned model antenna are shown 
in Table I. 

Fig.1. Schematic of a microstrip-fed printed circular 

MPA loaded with spur line resonator (a) Top view  of 

monopole antenna with spur-line  on feed-section of the 

antenna. (b)Top view of monopole antenna loaded with 

square shape metamaterial (c) Side view showing the 

printed monopole separated by h from the ground plane 

on the other side of the substrate. (c) Enlarged view of 

the spur line resonator printed on the microstrip-line 

printed on a grounded substrate.
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Fig.3. Fabricated prototype of the microstrip   fed circular 

monopole antenna loaded with spur-line filter sections. 

Top View of (a) single spur without metamaterial, (b) 

single spur with metamaterial (c) double spur without 

metamaterial, (d) double spur with metamaterial (e) triple 

spur without metamaterial, (f) triple spur with 

metamaterial . 

Fig.2 Equivalent circuit of square shaped metamaterial 

loaded monopole antenna embedded with Spurline. 
 

 

The radiation patch of the printed monopole is 
represented by a lossy shunt resonator composed of 

Ra, La and Ca. Where, Ra is equivalent to the 

radiation resistance of the printed monopole 

antenna. The admittance of the ‘traditional’ printed 
monopole antenna is , Ya =Ga+jBa  Where, Ga and 

Ba is the real part and imaginary part of 

admittance  Ya,  respectively. 

The square shaped metamaterial impedance, 

consisting of series resonators, 
     Zss=Rss+jw Lss+1/jwCss 

Where Lss is the inductance corresponding to the 

length (hi=li ) of the square shaped metamaterial 
and Css is the capacitance between two adjacent 

unit cells. Rss is the resistance of the top copper 

patch with finite conductivity. 

The spur line equivalent circuits consists of 
transmission line with characteristics impedance 

Zoe/2 and electrical length θe connected in series 

with characteristics impedance Zo0/2 and electrical 
length θo [13]-[14]. 

III.MEASUREMENT OF NOTCHED

METAMATERIAL LOADED
ANTENNA 

Here, the design of antenna and filtering section are 

totally independent as the filter is housed in the 
feeding microstrip with no direct bang on radiating 

part of the antenna. Figure 3 shows the fabricated 

model of the projected single, dual and triple spur 

line integrated antenna loaded with square shaped 
metamaterial. The antennas are planned and 

simulated in a commercial EM simulator [22]. All 

the fabricated models are methodically 
experimented for impedance and radiation 

characteristics measurements. A fully calibrated 

near field anechoic chamber was used to measure 
radiation pattern of all the fabricated models. 

A. Single Notched Metamaterial Loaded Antenna

Figure 3(a) shows a fabricated prototype of a single 

notched without metamaterial UWB antenna. 

Figure 3(b) shows a fabricated prototype of a single 
notched metamaterial loaded UWB antenna. As 

discovered from the Fig. 1, single notched UWB 

response can be achieved by a single spur line 
embedded on the feeding microstrip of the circular 

MPA . Fig.4 shows the simulated and measured S11 

versus frequency plot of the single spur-line 

embedded  MPA with and without metamaterial. 
From the plot it is clear that a measured notch 

frequency at 5.63 GHz against 5.53 GHz for 

simulated notch was obtained due to the presence 
of the quarter wave length single spur line. Fig. 5 

shows the measured and simulated maximum  
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realized gain versus frequency plot of the sample 

with and without metamaterial. From the figure it 
is clearly indicative that a sharp fall of gain to -10 

dBi at notch frequency 5.63 GHz whereas the gain 

ranges from 2 to 6.45 dBi in the rest of the UWB 

spectrum with metasurface. Fig .6(a),(b) show the 
simulated and measured E- and H-plane radiation 

pattern at 4GHz, 6.5GHz and 8.5GHz respectively 

.E-plane radiation pattern with axial null  along the 
axis of the antenna  (y-axis) was obtained which is 

E-plane monopole type of pattern and almost omni-

directional H-plane pattern was obtained. The
frequencies are chosen over the UWB spectrum

except the notch frequency due to non radiative

mode of antenna at notch.

B. Dual Notched Metamaterial Loaded Antenna

Housing  two spur lines with different length (lvs1

=12.85 mm and lvs2 = 9.98 mm  ) on the feeding 

microstrip line of the monopole, results in dual 

notched UWB antenna. Fig.3(c) and (d) show the 
photograph of the fabricated dual notched UWB 

antenna without and with meta-surface 

respectively. Fig.7 shows simulated and measured 

S11 versus frequency plot of this antenna with and 
without metamaterial. Here, two distinct measured 

notches at 4.22GHz and 5.52GHZ are observed 

contributed by two spur against 4.10 GHz and 5.36 
GHz for simulated response. As can be revealed 

from the figure, the notches are quite strong 

(measured S11= -1 dB and –2.5 dB for 1st and 2nd 

notches respectively) and measured S11 plot is in 
good correspondence with the simulated one. The 

maximum realized gain versus frequency plot of 

this antenna with and without metamaterial, as 
shown in Fig.8, also exhibits the presence of two 

notches contributed by the dual spur-line 

resonators. Measured maximum realized gain of 
the antenna falls to -14 dBi and -9.5 dBi  at 

4.22GHz  and 5.52GHz  while in the rest of the 

UWB spectrum gain ranges within (1- 5.9 

dBi).Thus, as expected, the dual spur-line loaded 
MPA provides a satisfactory dual notched UWB 

performance. Fig.9 (a),(b) shows the simulated and 

measured E-plane and H-plane radiation pattern of 
this antenna at 3.5 GHz , 6.5 GHz and 8.5 GHz 

respectively .Like the previous case of single 

notched UWB antenna, here also antenna provides 
monopole type radiation pattern with directional E-

plane and nearly omni-directional H-plane pattern. 

Consequently the projected method of multiple  

spur-line embedded   on the feed part of the antenna 

does not have noteworthy impact on the radiation 
performance of the antenna over the entire UWB 

band apart from  the notch frequencies. 

C. Triple Notched Metamaterial Loaded Antenna

To establish the triple notched UWB performance, 

as shown in Fig.3(e),(f) a third spur line is housed 
on the microstrip feed line. Fig.10 shows the 

simulated and measured S11 of the triple notched 

UWB antenna with and without metamaterial. Like 
the previous configurations, the quarter wave spur-

line contributes three measured notch frequencies 

at 4.63 GHz ,5.75 GHz and 7.72 GHz  compared to 

4.52GHz , 5.61 GHz and 7.62 GHz  obtained in full 
wave analysis .The maximum realized gain of the 

antenna also reveals the presence of these notches 

with significantly reduced gain of -10.5 dBi,-11.5 
dBi and -14.5 dBi at measured notch frequencies as 

shown in fig.11 . As shown in simulated and 

measured radiation pattern of Fig.12, the triple 
notched antenna contributes to good omni-

directional pattern over the entire UWB spectrum. 
Table1: Design parameters of Square shaped 

Metamaterial implanted ultra wideband antenna with 

multi frequency notched characteristics  

Antenna parameters mm 

L 50 

W 50 

h 1.575 

LG 21.5 

R 12.5 

wm 5 

Spur line 1:  (i=1)  lhs1 

lvs1 

0.68 

9.67 

Spur line 2:(i=1,2) lhs1 

lvs1 

lhs2 

lvs2 

1.32 

12.85 

0.5 

9.98 

Spur line 3: (i=1,2,3) lhs1 

lvs1 

lhs2 

lvs2 
lhs3 
lvs3 

0.7 

12 

1.42 

9 

0.6 

7.13 

Metamaterial dimension :   hi X li 2X2 
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Fig.5. Maximum realized gain of the proposed single-notched 

microstrip fed circular monopole antenna with and without 

metamaterial. 

Table 2: Notched frequencies of Square shaped 

Metamaterial implanted ultra wideband antenna with 

spur line resonator for three different configuration   

A comparative table is shown in table 3.From the 
table it is clear that due to square shaped meta 

material the gain of the antenna significantly 

improved. 

Configuration Obtained Notch Frequency 

Computed Simulated Measu

red 

Single spur line 

loaded 
monopole 

fn1 5.52 5.53 5.63 

Dual spur line 

loaded 
monopole 

fn1 4.16 4.10 4.22 

fn2 5.35 5.36 5.52 

Triple spur line 
loaded 

monopole 

fn1 4.45 4.52 4.63 

fn2 5.59 5.61 5.75 

fn3 7.32 7.62 7.72 

Fig.4. Simulated and measured S11 characteristics with and 

without metamaterial for single notch. 

Fig.6. Simulated and measured normalized (a) E (X-Y) and 

(b) H (X-Z) plane co-pole radiation pattern at various

frequencies with  metamaterial for single notch.
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Fig.10. Simulated and measured S11 characteristics with 

and without metamaterial for triple notch. 

 

 

Fig.7. Simulated and measured S11 characteristics with and 

without metamaterial for dual notch. 

Fig.8. Maximum realized gain of the proposed double-

notched microstrip fed circular monopole antenna with 

and without metamaterial. 

Fig.9. Simulated and measured normalized (a) E (X-Y) 

and  (b)  H (X-Z) plane co-pole radiation pattern at various 

frequencies with  metamaterial for dual notch. 
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Fig.11. Maximum realized gain of the proposed triple-

notched microstrip fed circular monopole antenna with and 

without metamaterial. 

 

 

Table3: Comparison of Metamaterial Implanted Ultra 

wideband Monopole Antenna with other Monopole 

structure 

IV. CONCLUSION

In this paper, a very easy but exceptionally 

proficient design of improved frequency notched 
UWB metamaterial loaded antenna is presented. 

Accommodating single/multiple quarter 

wavelength spur-lines on the feeding microstrip 

excites spur’s resonance which in turn 
contributes to the frequency notch/notches in the 

UWB antenna. A widely known circular ultra 

wide band monopole antenna is preferred to 
exhibit notch characteristics. Design concept is 

verified in a comprehensive manner with 

systematic investigation using 3-D full wave 
simulation and impedance and radiation 

characteristics of the entire fabricated prototype. 

By loading these antennas with square shaped 

metasurface, there is little bit improvement of 
gain of the antenna. Improvement of antenna 

performance using square shaped meta-surface is 

the novelty of the design. 

References Size 
(LXW) 
mm2 

Band 
width 
( GHz) 

Notch 
frequency 
( GHz) 

Return 
loss 
(dB) 

Maxim
um 
Gain 
(dBi) 

[3] 40X40 8.37 5.56 -30 - 

[5] 54X47 8.0 2.4,3.5,5.8 -28 
-29 
-40 

2 -4.5 

[6] 20X18 9.0 3.7 
5.7 

-25 3.5-
5.5 

[7] 18X15 10.9 5.7 -30 2.5-
5.5 

[9] 50X50 8.0 3.7 ,5.6 -45 2-3.5 

Proposed 50X50 10.0 5.53 
4.10,5.36 
4.52,5.61,
7.62 

-25 
-40 
-40 

3 - 
6.45 

Fig.12. Simulated and measured normalized (a) E (X-Y) 

and (b)  H (X-Z) plane co-pole radiation pattern at various 

frequencies with  metamaterial for triple notch. 
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