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Abstract ─ A model for electrical machines useful 
for radiated electromagnetic field studies in a 
multi-source environment is proposed. The various 
aspects of electromagnetic signature are 
considered. This model was created from a 
representative rectangular prism carrying a set of 
unbalanced currents in its branches. The geometry 
and the currents of the equivalent model were 
calculated based upon a genetic algorithm-based 
particle swarm optimization process taking into 
consideration the actual size and the operating 
conditions of the drive system being studied. The 
electric field was chosen as the objective function, 
which is the main element of the optimization. The 
simulated results show acceptable accuracy and 
excellent simulation time as compared to the full 
3D FE model of the actual machine. Various types 
of signature studies of the model were conducted. 
This included stationary and time analysis in 
addition to the effect of rotation of the machine. 
For verification, we utilized two machines in a 
connected system to study and compare the results 
with their actual model. The results show 
satisfactory accuracy. The practical implication of 
this effort is in the fact that, with this equivalent 
model, we can evaluate radiation and stray effects 
for EMC evaluation at the design stage. 
  
Index Terms ─ Electromagnetic field signatures, 
electric machines and drives, finite element 
analysis, optimization, and time harmonic field 
analysis. 
 

I.  INTRODUCTION 
In the recent years, there has been an increased 

interest in the expansion of multi-level numerical 
simulation methods for investigation of EMI issue, 
in the early stages of the design of electrical 
apparatus at low frequency. Systems such as 
electric drives and power converters circuits are in 
this category of systems being studied. The EMI 
studies of a complete motor drive system were 
performed by several numbers of researchers [1-
9]. In [1, 2], the kHz range frequency models of 
the various components of a complete motor drive 
were developed. The efforts have been made to 
measure the EMI emissions from kHz up to the 
GHz range in the case of adjustable speed drives 
(ASD). The EMI modeling and simulation for 
inverters were also performed. For EMI caused by 
the ground current in [3], the coupled FE-circuit 
high frequency electric machine model for 
simulating electromagnetic interference in a motor 
drive was presented. The model can predict the 
EMI caused by the ground current and motor 
terminal overvoltage. The proposed model in [2] 
can be used as a computational prototyping tool 
for evaluating the high frequency operating 
conditions of electric machines numerically. 
Likewise, studies in lower frequency are 
performed. For signature studies outside the 
machine, Le Coat et al evaluated electromagnetic 
signatures of induction machines [4]. Two types of 
these machines were studied experimentally and 
theoretically using 2D and 3D methods. The 3D 
model consists of several frames as conductors 
and specific frame with suitable permeability as 
stator. The results show that this model has good 
accuracy and is suitable for single machine case 
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study. More similar works, in this area, were 
conducted by others [5-9].  

In order to study the electric and magnetic 
behavior of power components in multi 
component study, an accurate physics-based 
model of each component is considered in this 
paper. For instance, all windings, type of 
connections in addition to the geometrical features 
slot shapes; rotor and stators structure as well as 
material properties are considered in developing 
the actual machine model.  

In addition to the electric machines, other 
components such as power converters, cables and 
transformers have very tiny elements. Considering 
all of these in the FEA model causes an increase in 
the computational complexity. In addition to 
considering the essential elements of each 
parameter for the EMI study, there is a need to 
observe the fields in far distances. Therefore, a 
very large region must be considered in such a 
model. Therefore, the number of degrees of 
freedom in meshing will increase dramatically and 
subsequently the speed of analysis will decrease. 
Consequently, logical simplification in designing 
components should be implemented.  

In this paper, it is proposed to develop the 
complete geometrical model of the machine to a 
simple rectangular prism but it should produce 
similar electromagnetic behaviors for studying the 
EMI issues. The basic concept for EMI signature 
evaluation for this case is explained in section II 
below. The study approach was investigated in 
section III for the purpose of simplifying the 
model of electrical machine. The optimization 
process and other theoretical aspects are explained 
in this part. The electric field is chosen as the 
objective function, which is the most important 
parameters in the optimization. The various 
aspects of the model including time analysis are 
also studied. Since it is proposed to use this model 
as a typical model for an induction machine, other 
operating conditions of this machine are 
investigated. For verification purposes, in all part 
of this study, the results of the model are 
compared with the result of the actual model. 

 
II. BASIC CONCEPT 

We are primarily interested in the radiation 
pattern of the electric component (in this case 
electrical machines) at a distance from the source. 
Hence, the electromagnetic fields are usually 

measured at a considerably far distance from the 
components. The electric and magnetic fields 
specifically at an infinite distance can be the most 
effective index in investigating the EMI [10]. 
Since the wave length in power frequency, 60 Hz, 
is so large, the far distance means thousand 
kilometers or more. Therefore, the region and 
proposed measurement points, which are intended 
to be far, should be considered in a very far 
distance. However, computationally utilizing such 
a large region could be impossible. Hence, we 
need to obtain the fields virtually. The process of 
obtaining the fields, in this case, is investigated. 
Figure1 shows the geometry for calculating the 
EMI from the motor at a far distance.  

 

Observation 
point

(ρ,φ,z)

R1 R2

a

l1

l2

 
Fig. 1. Geometry for calculating the 
electromagnetic field at relatively far distances. 

 
The present concept is based upon the 

Stratton-Chu [11] magnetic field intensity solution 
to the time-harmonic form of Maxwell's equations.  
The mathematical form used here, given by Silver 
[12, 13] yields the magnetic flux density as a 
volume integral of the electric and magnetic 
current densities, J and M, respectively, 

  2[( . ) ]. .
4

jkR

V

j e
B P M k M j J dV

R





       

(1) 
In the above equation, P denotes the 

observation point, V is the volume occupied by J 
and M. Here, R is the vector from the current 
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density elements J and M to the observation point 
P. Also, ω is equal to 2πf where f is the frequency 
of the currents. Finally, k is the wave number 
given by k = ()1/2, where ε and µ are the 
permittivity and permeability of the medium, 
respectively. The time-harmonic variation ejt has 
been suppressed. 

It is assumed that the volumetric current 
density elements, J dV, can be represented as 
linear current elements I dl, located at infinity and 
aligned with the current flow directions. Recalling 
that M = 0, and completing the indicated vector 
operations yield, 

    
2

1

1
[ ].

4

l jkR

R

l

µ e
B P jk I l dl u

R

    
  R

(2) 

where uR is the unit vector pointing in the direction 
of R. The bracketed term in equation (2) describes 
the time-harmonic retardation effects for the 
current element I dl, and suggests a criterion for 
using a quasi-static electromagnetic formulation. 
The l1 and l2 are considered the distance of the 
source to the end of the region to have the 
possibility of the calculation of the radiated B at 
any given P point in the area. The geometry is 
illustrated in Figure 1. Examining equation (2), it 
is seen that whenever, 

 ,
2

c
R

f
                           (3) 

where c is the homogenous medium light speed, 
the bracketed term may be approximated by 1/R2 
and equation (2) reduces to the electromagnetic 
quasi-static result,    

     
2

1

2

3
1

1
[ ]. ].

4

l

ii i
i l

µ
B P I l dl R

 

 
iR

     (4) 

In equation  (4), the  summation is over the  
two  points of the source with  I, being the currents 
in the motor wires, dl,  the current elements  along 
the motor wires, and R, the vectors from the 
current elements  dl, to the observation point P (i  
= 1 and 2 for the corresponding points). 
Additionally, to facilitate computer programming, 
the vector R, is used in the cross product of 
equation (4). This is in contrast to the unit vector 
uR, which was used in equation (2), resulting in Ri

3 
in the integrand denominator of equation (4). 

Returning to equation (4), the distances Ri 
between the differential line elements dli and the 
observation point, P, are (see Fig. 1), 

   22 2 1/2
1 [ 2 cos 2 ] ,R a a z Z z          

                                          (5) 

   22 2 1/2
2 [ 2 cos 2 ] ,R a a z Z z                                   

(6) 

where ρ, φ, and z are the cylindrical coordinates  
of  the observation point and a is the width of the 
source. Assuming that the currents Ii, are 
oppositely directed, identical, and uniform over 
the length of the winding in the motor, substitution 
of the differential current elements dli and the 
distances Ri into equation (4) yields the Cartesian 
components of the magnetic flux density, 

     

       
 

2

1

3

3
2

{ [2 cos 2 sin 2
4

sin ] [2 cos 2 sin 2

sin ]} ,

z

x
z

IB a Z z z a z

R a Z z z a z

dz

   


    

 





   

   

 1R

    (7) 
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       
 

2

1

3

3
2

{ [2 sin 2 cos 2
4

cos ] [2 sin 2 cos 2

cos ]} ,

z

y
z

IB R a Z z z a z

R a Z z z a z

dz

   


    
 





   

   

 1

 (8) 

 

 

2

1

3
1

3
2

2 { cos 2
4

[ cos 2 ]} .

z

z
z

IB a R a z

R a z dz

    

  





 
  

   

 

                (9) 

In the above equations, I is the total current in 
each wire of the motor in phase A, z1, and z2 are 
the axial coordinates of the electrical machine end 
points, and R1 and R2 are given by equations (5) 
and (6). According to standards, when ρ = 0, 
equations (7) to (9) reduce to the well-known  
expressions for the on-axis magnetic flux densities  
of motors in the region, [14, 15]. 

In order to derive the electric field as well as 
the magnetic field, with the spherical coordinate 
components of B known, the next step is 
straightforward [10]. The free space relationship 
shown in equation (10) is applied to equation (11), 

1
0 ,H B                  (10) 

0

1
.E H

j
                 (11) 
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The analysis method, which is used in this 
analysis, is the generalized minimal residual 
method (usually abbreviated GMRES) with 
successive over-relaxation (SOR) pre and post 
smoothers. The GMRES is an iterative method for 
the numerical solution of system of linear 
equations [16]. In numerical linear algebra, the 
SOR is a variant of the Gauss–Seidel method for 
solving a linear system of equations, resulting in 
faster convergence. The convergence is shown in 
Fig. 2. A similar method can be used for any 
slowly converging iterative process. The SOR 
method uses a more accurate approximation of the 
matrix, which leads to fewer iterations but slightly 
more work is required per iteration than in the 
Jacobi method. It should be noted that the problem 
consists of nonlinear equations due to the presence 
of the B-H curve of the core of the motor. The 
iterative solver solves the problem by dividing the 
nonlinear curves to the sets of linear one as µr 
ramp and solving each of them individually [16]. 

 
Fig. 2. Convergence of the problem using GMRES 
solver. 
 

III.  STUDY APPROACH 
The electromagnetic signature study of the 

electrical machine in Figs. 1 and 3 (a) can be 
estimated based on equations (7) to (11). Since the 
electric and magnetic fields are interconnected to 
each other through equations (10) and (11), 
studying each of them shows the behavior of the 
electric machine at a far distance. However, as it is 
mentioned earlier, estimating the parameters of 
electrical machines at far distances requires 
significant time especially for multi-component 
studies using physics-based simulations. 
Therefore, a logical simplification was used here 

throughout the optimization. 
The proposed equivalent machine model for 

signature study is a rectangular prism as shown in 
Fig. 3 (b). The cylinder around the model is for 
concentrating meshes to have accurate results. The 
rectangular prism model has currents in all of its 
branches, which are evaluated based upon an 
intelligent optimization process. The rectangular 
prism lengths (A, B, C) and the corresponding 
currents to each leg (ix1 ix2 ix3 ix4, iy1 iy2 iy3 iy4, and iz1 

iz2 iz3 iz4) are calculated. The proposed optimization 
process (GA-based PSO) is explained next. 

PSO is a population-based algorithm that 
exploits a population of individuals to probe 
promising region of the search space. In this 
context, the population is called swarm and the 
individuals are called particles. Each particle 
moves with an adaptable velocity within the 
search space and retains in its memory the best 
position it ever encountered. The global variant of 
PSO, the best position ever attained by all 
individuals of the swarm is communicated to all 
the particles. The general principles for the GA 
and the PSO algorithms are stated in [17]. 

 
(a) 

 
(b) 

 

Fig. 3. Prototype of the proposed machine (SCIM) 
in finite element analysis for (a) actual model and 
(b) an equivalent current loop model for signature 
studies. 
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In order to prevent premature convergence to 
suboptimal solutions, Raymond Tan augmented a 
binary PSO with a GA-based mutation operator 
and achieved significant improvement in the rate 
of successful convergence [18]. Therefore, in the 
current study we incorporated a mutation operator 
into our continuous-space PSO algorithm. This 
mutation operator reinitiates the value of each 
continuous variable into its feasible range by a 
predefined probability (e.g., 5 %).  

In this study, the number of population is set 
to 7, and for preventing explosion of the swarm, 
the maximum allowable velocity along each 
dimension is set to half of its feasible ranges. The 
results show that, in this application, for different 
number of switching angles, the algorithm 
converges within 100 to 150 iterations. Hence, in a 
conservative manner, the number of iterations is 
set to 30. Also, for enhancing the PSO’s ability in 
escaping from local minima, a mutation operator is 
incorporated into the algorithm. The results 
indicate that, it is better to utilize this operator in 
discrete iteration intervals, with different 
probability. In this study, the mutation 
probabilities for iteration intervals of {5, 7} and 
{7, 30} are 1 % and 3 %, respectively. Other 
iteration intervals are not influenced by mutation. 

The objective function of the optimization 
process for this case is the main index for 
evaluating the values of the model. This is because 
the initial and the later in the process, the modified 
values are just compared by means of the objective 
function. For this paper as mentioned earlier, the 
electric field was chosen, which is because of 
sensitivity of electric field in signature studies. In 
other words, the effect of changes on the condition 
of the component has influence on the electric 
field [19]. Consequently, the objective function is 
assigned as follows, 

(| | | | | |

|  | | | |  |).

motor rp motor

rp motor rp

obj mean Ex Ex Ey

Ey Ez Ez

  

  
  (12) 

where Ex, Ey, and Ez represent the normal electric 
field along a line in x, y, and z directions. The 
indices, motor and rp stands for actual 3D motor 
model, and its correspondence to the rectangular 
prism current loop model (see Fig. 3). 

 

IV. SIMULATION APPROACH 
In this study, the finite element analysis is 

used as an accurate method for physics-based 
simulation. The analysis of electromagnetic finite 
element method is based on equation (13) and 
typical Maxwell equations, 

( ) e     H J E ν B J            (13) 

where Je is an externally generated current density 
and ν  is the velocity of the conductor. Note that B 
and E are used uniquely in magnetic or electric 
solution, respectively, but are fully coupled here. 

Using the definitions of the fields B =  × A 
and E = VjA and combining them with the 
constitutive relationships B = µ0 (H + M) and D = 
ε0E and rewriting Ampere’s law, the required 
current density will be achieved, 

2 1
0 0

0

( ) ( )

( ) ( ) .e

j

j V

   

  

   

      

A A M

ν A J
      (14) 

The equation of continuity is obtained by 
taking the divergence of Ampere’s law. This 
equation is solved for the electric potential. Thus 
the following equations for V and A is obtained,  




2
0

0

. ( ) ( )

( ) ( ) 0.e

j

j V j

   

  

    

     

A ν A

J P
       (15) 

A particular gauge can be obtained by reducing the 
system of equation by choosing Ψ = −jV/ω in the 
gauge transformation. Therefore, the modified 
magnetic vector potential is obtained as 

j
V


  A A .                         (16) 

Working with A  is often the best option when 
it is possible to specify all source currents as 
external currents Je or as surface currents on 
boundaries,   

   
   

2 1

0 0

0
,e

j

j V j
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   

     

      

A A M

A J P

 

v
  (17) 

where A is magnetic potential, Je is external 
current density, M is magnetization and ν  is the 
motion speed, which here, it is equal to zero. 
Equation (17) is a modified version of the classic 
quasi-static equation (15), which is implemented 
in the FE software. The magnetic field density (B) 
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for the evaluation of the radiated field would be 
calculated by getting A from equation (17) and 
applying it to B = ×A. 

Further modification in this study is applied by 
linking Matlab software with FE software. This 
can be done by defining a variable in Matlab codes 
as D (electric displacement field) and making a 
link to the FE software, then considering this new 
D instead of the default D. This new defined 
electric displacement field is based on the electric 
field obtained from the software solution. The 
other element ( A ) is defined in the same way. 

 
V. SIMULATION RESULT AND 

DISCUSSION 
For simulation purposes, a 3-phase, 380-V, 5-

A, 120-turn/phase induction machine with stack 
length of 0.15 m and outer diameter of 17.5 cm is 
simulated in the 3D electromagnetic FE domain 
for one instant of time at the frequency of 60 Hz.  
The electric field along three lines in the x, y, and z 
directions are calculated. The optimization process 
was then implemented. 

Following the optimization process, the 
rectangular prism length are calculated as (A = 
0.1009 m, B = 0.125 m, C = 0.1282 m). Table 1 
shows the calculated current for the rectangular 
prism branches following the optimization process 
in one case. Although the optimization is 
performed with the electric field as the objective 
function, the magnetic field radiated form the 
proposed model also shows great similarity when 
it compares with actual model. 

 
Table 1: The calculated current for rectangular 
prism legs. 

 
The comparison between the normal electric 

field of the actual 3D model and the cubic model 
for one motor case is illustrated in various 
circumstances. For brevity, only some indices 

including field spectrum, arrow-line and stream-
line are selected for the study. For instance, 
electric field spectrum radiated from the actual 
machine and the equivalent models are compared 
as shown in Fig. 4. Also, magnetic field density 
spectrum was compared and is shown in Fig. 5. 
The magnetic field density is evaluated with the 
same amount of current shown in Table 1 for this 
specific case. 

Considering Fig. 4, the accuracy of the E field 
in all coordinates is significantly similar as the 
difference between the two models, which is really 
negligible. By choosing different optimization 
parameters including; mutation probabilities, 
iteration intervals, and number of iteration, the 
inaccuracy of the equivalent model in some points 
can be fixed. As shown in Figs. 4 and 5, the 
electromagnetic fields radiate dipole fields at far 
distance because the machine will act similar to a 
complex loop and a loop will propagate dipole 
electromagnetic fields. 
 

 
 

(a)                                    (b) 
 

Fig. 4. Electric ield spectrum (V/m) of (a) actual 
machine and (b) equivalent source model in the xz-
plane. 
 

 
 

             (a)                                   (b)  
 

Fig. 5. Magnetic field density spectrum (T) of (a) 
actual machine and (b) equivalent source model in 
the xz-plane. 

ix1 ix2 ix3 ix4 
-61.18 528.12 -267.44 -107.82 

iy1 iy2 iy3 iy4 
-115.25 -251.54 36.107 424.1 

iz1 iz2 iz3 iz4 
-150.03 -99.84 4.46 -135.6 
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The figure shows that with the amount of 
current in Table 1, the equivalent model has 
similar electromagnetic behavior to the actual 
machine as the signature study point of view. In 
addition to the importance of the accuracy of the 
field spectrums, the direction of the flowing fields 
is significant because the field spectrum figures, 
Figs. 4 and 5, don’t show the direction of the 
fields. Hence, the arrow line of magnetic field 
density of the actual and equivalent machines are 
compared and shown in Fig. 6. As displayed in 
this figure, the magnetic field in the actual case 
around the motor is denser in comparison with the 
equivalent source model case. However, the 
radiated magnetic field at further distance is 
almost the same in these two models. This is more 
important because the model is designed for far 
distance. While the arrow plot in Fig. 6 shows the 
magnetic field density, this can be classified as 
discrete streamline of this field. A continues 
stream-line of the H field (magnetic field 
intensity) of the two models (actual and equivalent 
source models) is obtained as shown in Fig. 7. The 
H field streamline also shows that the equivalent 
source model has very similar result to the actual 
model. It also shows that the dipoles establish 
around the equivalent source model also in near 
distance. It should be noted that the purpose of this 
model was to obtain resembling fields at far 
distance. 

For other conditions of the machine; for 
example other voltages or power rates and/or other 
size of the machine, the ratio of the new condition 
to a basic condition can be considered. The basic 
case could be any case similar to the case studied 
in this paper. Then this ratio will be applied to the 
currents. It is likely to have similar results 
compared to the actual case in the new condition. 
As mentioned earlier in the paper, the main goal of 
this research is to study the signature of multi 
machine system. For validation of the calculated 
equivalent source model (rectangular prism) from 
one motor case, the model is compared in a case 
containing two motors, as shown in Fig. 8, while 
the current in the branches of the rectangular prism 
model remain the same as in the first case. The 
centers of the coordinates of the two rectangular 
prisms are exactly the same as the 3D motor 
model. The figure shows a comparison between 

the electric field spectrum in the actual and 
rectangular prism model for the two motor cases. 
As can be seen, the electric fields similarly follow 
the same patterns with acceptable accuracy. Also 
magnetic field density, which is shown in Fig. 9 
has a very good accuracy in comparison with the 
actual model.  

 

       
 

(a)                                   (b)  
 

Fig. 6. Arrow plot of magnetic field density (T) of 
(a) actual machine and (b) equivalent model in the 
xy-plane. 
 

 
 

 (a)                                  (b)  
 

Fig. 7. Stream-line of H field of (a) actual machine 
model in the xy-plane (A/m) and (b) equivalent 
source model in the xy-plane (A/m). 
 

                

(a)                                   (b) 
 

Fig. 8. Electric field spectrum (V/m) of (a) actual 
machine and (b) equivalent source model in the xz-
plane in the two machine case. 
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A. Simulation time comparison 
Comparison between the simulation time of 

the actual model and equivalent model shows that 
this approach makes the simulation at least 100 
times faster than the full 3D model. This enables 
the numerical simulation of multiple sources in a 
reasonable time allowing the practical study of 
EMC issues during electric drive development 
stages. Moreover, it is observed that in case of 
evaluation of the field in some directions more 
accurate results can be calculated. 

              

(a)                                (b) 
 

Fig. 9. Magnetic field density (T) spectrum of (a) 
actual machine and (b) equivalent model in the xz-
plane in the two machine case. 

VI. TIME AND ROTATION STUDY 

A. Time-based analysis 
Since the actual induction machine carries AC 

current, the time-based analysis is more useful. 
Although in the previous sections, the analysis was 
time-based however, the figures are just depicted 
in one typical moment of time. In this section, the 
radiated electromagnetic fields of different 
instances of time in one cycle are studied. For 
brevity, four time instances are selected (0.0025 s, 
0.005 s, 0.0075 s, and 0.0125 s). The voltage 
amplitude of the terminal of the model during one 
time cycle is shown in Fig. 10. 

Firstly, the radiated magnetic field in the near 
distance (0.5 m) from the machine is studied. The 
magnetic field density measured in four time 
instants is shown in Fig. 11. The result shows that 
the magnetic field rotates by the variation in time, 
although the position of the maximum field point 
remained unchanged. It can be inferred from this 
result that the model resembles the machine and 
can be used instead of that at all time instants not 
just one time instant in which the model is 
designed. Next, the radiated magnetic field at a far 

distance (~10 m) from the machine is studied. In 
this distance the rule of the magnetic dipoles for 
these distances cause the field become similar to a 
dipole as shown in Fig. 12 [20]. As shown in this 
figure, the dipoles are sensitive to time changes 
and they rotates when the time changes. 
Consequently, the equivalent source model can be 
used for the time-based analysis at near and far 
distances. 
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Fig. 10. Voltage amplitude of the terminal of the 
model during one time cycle. 

 
 

 
 
 

 
 
Fig. 11. Magnetic field density (B) of equivalent 
model in four different moments of time at near 
distance. 
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B. The effect of rotation 
Another condition that should be studied for 

the induction machine is testing various positions 
of the machine. In many cases, the location of the 
motor with respect to the measured points will 
change. Therefore, the electromagnetic signatures 
are expected to be changed. Hence, a specific 
change of the motor is studied here. The whole 
machine was rotated around an axis and the results 
were obtained and illustrated in Fig. 13. The 
magnetic field in this figure is plotted at a far 
distance. 

 

 
Fig. 12. Magnetic field density (B) of equivalent 
model at the four different intendances of time at 
far distance. 
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Fig. 13. Deviation of magnetic field density (B) of 
the equivalent model due to the rotation of the 
whole machine around z-axis.  

As shown in Fig. 13, by rotating the stator of 
the induction machine around the z-axis, the 
magnetic field moves along the perpendicular 
coordinates (x, y) from right to left. When plotting 
other angles ranging from 90 to 180 degrees, the 
results are exactly symmetrical with respect to the 
changes from 0 to 90 degrees. The magnetic field 
density of 180 degree change is exactly the same 
as the one with 0 degree change. This study is 
useful in identifying the situation of the source 
machine by looking at the signatures at far 
distance. All of these studies can be imported to an 
optimization program such as genetic algorithm or 
neural network. Therefore, the machine in any 
situation can be recognized. 
 

VII. CONCLUSION 
Considering the simulation of multi-machine 

environment with actual models requires 
significant time and large computing resources. 
An equivalent source model for these electric 
machines for the purpose of evaluation signatures 
and radiated fields are designed, presented, and 
verified. A rectangular prism model was proposed 
with variable currents in its branches. The GA-
based PSO method was used for evaluating the 
currents of the rectangular prism branches while 
the electric field was chosen as objective function 
because of its sensitivity to the change of situation.  
A modified finite element analysis was used, 
which include modification in the equations in 
which deviation of electric displacement field over 
time was considered. The accuracy of the results 
shows that it is possible to replace the actual 
model of the electrical machines with the 
equivalent rectangular prism current model for 
signature studies. The simulation time of the 
equivalent source rectangular prism model is 
approximately 100 times less than the actual 
model enabling the numerical simulation of 
multiple cases.  

The model was validated by considering a two 
machine case as a representative situation of multi 
machine case. The actual models in two machine 
case were replaced with equivalent models in the 
sample position with the same values of single 
machine cases. The results show excellent 
accuracy with considerable simulation time 
reduction. This facilitates the numerical simulation 
of multiple electromagnetic sources in a 
reasonable time allowing the practical study of 

t=0.0025 t=0.005 

t=0.0075 t=0.0125 
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important issues such as EMC standards during 
the development stages of electric drives systems. 
Furthermore, time harmonic analysis and the 
effect of rotation were investigated. These types of 
studies are useful in recognizing the condition of 
the source machine by looking at its signatures at a 
far distance. 
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Abstract ─ This article presents a detailed 
procedure for design, modeling, full-wave 
simulation, and near-field diagnostics of 
reflectarray antennas, through a case study of a 
Ka-band reflectarray antenna with 437 elements. 
A comparison between analytical approaches and 
full-wave simulations for reflectarray radiation 
analysis is also presented, illustrating the necessity 
of full-wave approaches for an accurate analysis. 
Furthermore, the phase shift provided by the 
phasing elements, in the real reflectarray 
configuration, is analyzed by using the near-field 
data from the full-wave simulation. This provides 
a means to diagnose a designed reflectarray, and 
identify phasing elements that are not providing 
the required phase shift. The effectiveness of the 
diagnostic approach is demonstrated through 
numerical examples.  
  
Index Terms – Far-field, near-field, radiation 
pattern, and reflectarray.  
 

 
I. INTRODUCTION 

Reflectarray antennas combine some of the 
best features of reflectors and array antennas, and 
create a hybrid design, which is well suited for 
high-gain applications [1-8]. The flat aperture of 
the reflectarray antenna consists of phase changing 
elements, which mimic the parabolic reflector 
curved surface, and create the collimated beam. In 
comparison with an array antenna, the feed 

network is replaced by a space feed, which is 
simple, and moreover eliminates the distribution 
losses associated with large arrays [1]. With the 
rapid advancement of printed circuit technology, 
reflectarray antennas can offer a low profile, low 
mass, and low cost solution for high-gain antennas 
in deep space communication systems. 

Different approaches for analysis of 
reflectarray radiation pattern have been developed 
over the years [1-5]. These numerical approaches 
provide a fast method to compute the radiation 
pattern of the reflectarray antenna with a good 
accuracy; however, several approximations are 
made in the analysis. With these approaches 
usually a good agreement between measured and 
simulated results is observed in the pattern shape, 
but in most cases there are some discrepancies in 
side-lobe level and cross-polarization levels [5]. In 
general, an accurate analysis of a reflectarray 
antenna radiation performance requires a full-
wave simulation; however, this is quite 
challenging. The electrically large size of the 
reflectarray antenna aperture, combined with 
hundreds of elements with dimensions smaller 
than a wavelength, demands an efficient full-wave 
technique. Considering the planar geometry of the 
reflectarray antenna aperture, a surface meshing 
approach will be more appropriate for this 
problem. As such, the method of moment (MoM) 
technique will be more advantageous than other 
full-wave techniques such as finite element or 
finite difference, which require volume meshing. 
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In this paper we present a detailed procedure 
for design, modeling, and full-wave simulation of 
a reflectarray antenna through a case study of a 
437-element Ka-band design. In addition, the near-
field data is obtained by the full-wave simulation, 
and the performance of the phasing elements is 
studied in the real reflectarray configuration. This 
illustrative field visualization can serve as a useful 
diagnostic tool for antenna engineers to observe 
the performance of each element on the 
reflectarray aperture and potentially correct the 
phasing elements that are not providing the 
necessary phase shift.  

 
II. REFLECTARRAY ANTENNA 

SYSTEM DESIGN 
Designing a reflectarray antenna is usually 

carried out in several stages, and as such, it can be 
viewed as a system design. The main stages in this 
process are: designing the aperture, feed 
positioning, phasing element design, and 
designing or selecting a feed antenna. The 
geometry of the reflectarray antenna system is 
given in Fig. 1. 

 

 
 

Fig. 1. Basic geometry of a reflectarray antenna 
system. 

 
A. Aperture design and feed positioning 

In aperture type antennas such as reflectarrays, 
the antenna gain is proportional to the electrical 
size of the aperture [9]. Therefore, if the required 
gain is specified for the antenna, one only needs to 
determine the aperture size that can achieve such a 
gain level. Aperture efficiency however plays a 
major role here, and to achieve high aperture 
efficiency [2], several factors must be taken into 
account in the design. Here we will outline the 

design process for a 32 GHz Ka-band reflectarray 
for a 30 dB gain. 

A circular geometry is selected for the 
reflectarray aperture, since it can attain higher 
aperture efficiency in comparison with rectangular 
geometries. The diameter of the aperture (D) is set 
to be 12.5 λ at the design frequency of 32 GHz, 
which has a maximum directivity of 31.88 dB. 
With this relatively small aperture, an offset feed 
would be necessary to avoid blockage effects, thus 
a tilt angle of 25° is selected for the feed. The next 
task is to determine the feed position. In reflector 
antennas this is usually specified by the F/D ratio. 
One generally has two options for the design. If a 
specific feed is to be used, one has to determine 
the optimum F/D. On the other hand, one can 
choose the F/D, and design a feed antenna that 
achieves the optimum radiation performance. This 
is quite advantageous, since increasing F/D 
improves several characteristics of the reflectarray.  
In any case, the optimum values are determined 
based on efficiency analysis [10]. Here we chose 
the latter approach. An F/D of 0.75 was selected 
for the system, and the task was to determine the 
optimum feed radiation pattern that achieves 
maximum aperture efficiency.  

The radiation pattern of the feed is usually 
modeled as a cosq(θ) function with no azimuth 
dependence, therefore one only needs to determine 
the optimum value of q [11]. The optimum value 
of q was determined to be 6.5, which corresponds 
to an aperture efficiency of 74.14 %. These results 
are given in Fig. 2. Here ηi, ηs, and ηa, are the 
illumination, spillover, and aperture efficiencies, 
respectively. 
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Fig. 2. Aperture efficiency of the reflectarray 
antenna as a function of feed cosine q power. 
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As discussed earlier, an offset system is used 
for the feed here. To minimize beam squint in 
offset reflectarrays, the beam direction should be 
equal to the offset feed angle, thus the beam 
direction is set to 25° [12]. This projected aperture 
size reduction (cos 25°) corresponds to a loss of 
0.43 dB. Combined with the losses due to aperture 
efficiency (74.14 % or 1.3 dB), the estimated gain 
of the aperture designed here is 30.15 dB, which is 
quite close to the desired value. 

 

B. Phasing element design 
The phase shift distribution on a reflectarray 

aperture is designed to compensate for the spatial 
delay associated with the feed antenna, and provide 
a progressive phase shift on the aperture that points 
the collimated beam at a specific direction. 
Mathematically, the required phase shift of the ith 
element on the aperture in Fig. 1 is given by, 

.)ˆ( 0  oiii rrRk               (1) 

The phase constant ψ0 indicates that a relative 
phase rather than an absolute phase is required in 
reflectarray design. The key concept however is 
how these individual elements are designed to 
scatter electromagnetic waves with the desired 
phases. Different methods have been demonstrated 
over the years to control the reflection phase of the 
elements, which can be categorized into three 
general groups: 1) phase/time delay lines, 2) 
variable size elements, and 3) rotated elements. 
For our design here we use the variable size 
technique, where a small shift in the resonant 
frequency of an element is introduced by changing 
the dimension that has the effect of changing the 
phase of the reflected field.  

The reflectarray aperture is excited with a feed 
antenna that in general, may be positioned at an 
arbitrary angle and distance from the reflectarray, 
but is assumed to be far enough so that the incident 
field can be approximated by a plane wave. As 
such, the conventional approach for analysis and 
design of reflectarray phasing elements is to use a 
plane wave excitation. The infinite-array approach 
is often used for analysis of reflectarray elements, 
which takes the mutual coupling between the 
elements into account by means of the periodic 
boundary conditions [13]. While it is implicit that 
some approximation is made in this element 
analysis approach, i.e., ignoring the quasi-periodic 

nature of the reflectarray elements, as long as the 
variation of the element geometry is not significant 
between adjacent elements, this is quite acceptable 
in most cases [1, 2].  
     The phasing elements used in our design are 
variable size square patches, and the unit-cell size 
is 4.7 × 4.7 mm2. The substrate has a thickness of 
0.508 mm, and the dielectric constant is 2.2. The 
patch sizes vary from 1 mm to 4.5 mm with a 
resolution of 0.1 mm. The reflection phase 
responses of the elements are obtained using the 
commercial software Ansoft Designer [14], which 
is based on the MoM. Note that for reflectarray 
element designs, the reference plane for reflection 
phase calculation is the top surface of the element.  
It is worthwhile to point out that while full-wave 
simulation of the elements is usually very fast for 
simple geometries such as the single-layer patch 
element designed here, if necessary one may limit 
the number of simulated element dimensions and 
use a fitted curve for the element design. The 
reflection phase response of variable size elements 
usually forms an S-curve; therefore it can also be 
approximated with an inverse tangent function. 
The function used for the interpolation is 

  .)(tan
180

0
1

lll cLLab  


        (2) 

For this design al = 4.814, bl = 1.868, cl = -14.72, 
and L0 = 2.722, where these parameters were 
evaluated using the curve fitting toolbox in Matlab 
[15].  

Both simulated and interpolated reflection 
phase response of the elements, under normal 
incidence excitation, are given in Fig. 3. Also the 
simulated reflection phase response for 30° 
oblique excitation is given for comparison, where 
it can be seen that a normal incidence 
approximation is quite acceptable for this angular 
range. 

 
C. Feed antenna design  

Based on the efficiency analysis presented 
earlier, a feed antenna with an azimuthally 
symmetric radiation pattern and q = 6.5 is required 
for this reflectarray system. Typically horn 
antennas are used as reflector feeds [11]; however, 
the conventional pyramidal and conical horn 
antennas cannot achieve a symmetric radiation 
performance. One of the most fundamental 
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methods to achieve a symmetric radiation pattern 
with a horn antenna is to excite higher-order 
modes in the horn waveguide that is done by 
introducing a step change into the diameter of the 
horn. Therefore, the Potter horn antenna [16] was 
selected as the feed, where the waveguide steps 
generate the TM11 mode. Combined with the 
fundamental TE11 mode, this will generate 
azimuthally symmetric fields at the horn aperture, 
which in turn corresponds to azimuthally 
symmetric radiation patterns for the horn. A cross 
sectional geometry of the Potter horn antenna is 
given in Fig. 4. 

 

1 2 3 4
-200

-150

-100

-50

0

50

100

150

Patch Width (mm)


 

 (
d

e
g

.)

 

 
 = 0o

 = 30o (V-pol)

 = 30o (H-pol)
Interpolated Curve

 
 
Fig. 3. Reflection phase versus patch size for the 
reflectarray elements. 
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Fig. 4. Cross sectional view of a Potter horn 
antenna. 

 
To achieve a symmetric radiation pattern with a 

Potter horn antenna, one has to determine the 
required portion of power that is transferred to the 
TM11 mode, thus the conventional design approach 
is to use a mode matching technique [17]. While 
this approach will ensure a symmetric radiation 

pattern, it will generally not allow one to control the 
shape of the pattern. On the other hand, several 
design parameters are available in a Potter horn 
antenna; therefore another design approach is to 
tune these parameters to achieve the desired 
radiation performance. In our design, full-wave 
simulation of the horn antenna was done using 
FEKO [18], and the particle swarm optimizer [19] 
was used to tune the parameters, and achieve the 
desired pattern. In total, 7 parameters were 
optimized for this design. These are the radius of 
the waveguide feed (Rwaveguide), the radius and length 
of two waveguide steps (Rstep1, Lstep1, Rstep2, Lstep2), 
and the radius and length of the cone (Rcone, Lcone). 
At each fitness evaluation during the optimization, 
the radiation pattern is computed at a number of 
discrete points chosen to match the required cosq(θ) 
pattern and achieve a symmetric pattern in both E- 
and H- planes. The radiation pattern of the 
optimized horn antenna is given in Fig. 5, while the 
optimized dimensions of the Potter horn are given 
in Table 1 at 32 GHz.  

 
 

Fig. 5. Radiation pattern of the Potter horn 
antenna. 
 
Table 1: Optimized dimensions of the Potter horn 
antenna (λ = 9.37 mm). 

Parameter Dimension (λ) 

Rwaveguide 0.323  
Rstep1 0.571  
Lstep1 0.386  
Rstep2 0.763  
Lstep2 1.539  
Rcone 1.009  
Lcone 0.848  

 
As discussed earlier, the important 

consideration in our design here was not only to 
achieve a symmetric pattern, but also to match it 

a
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with the ideal cos6.5(θ) model. A comparison 
between the ideal model and the optimized horn 
pattern is given in Fig. 6, where it can be seen that 
the optimized horn antenna completely matches the 
required pattern up to 40º, which is sufficient for the 
excitation of the reflectarray antenna. 
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Fig. 6. Comparison between the radiation pattern 
of an ideal feed and the Potter horn antenna. 
 
III. FULL-WAVE SIMULATION OF THE 

REFLECTARRAY ANTENNA 
A. Full-wave simulation using FEKO 

The next stage in the design is modeling the 
entire reflectarray antenna system. As discussed 
earlier, the electrically large size of the reflectarray 
antenna aperture, combined with hundreds of 
elements with electrically small dimensions, 
makes the full-wave simulation a challenging task. 
Here we use the commercial software FEKO v.6.1 
for full-wave simulation of the reflectarray 
antenna. 

The Ka-band reflectarray antenna has a 
circular aperture with a diameter of 12.5 λ at the 
design frequency of 32 GHz. The feed horn is 
positioned at Xfeed = -37.1 mm, Yfeed = 0 mm, Zfeed 
= 79.6 mm based on the coordinate system in Fig. 
1, and is pointing toward the geometrical center of 
the array. The patch dimensions are designed to 
generate a beam in the direction of (θ, φ) = (25°, 
0°). In total 437 square patch elements are to be 
placed on the aperture. Modeling the feed horn, 
substrate layer, and ground plane is straight-
forward; however modeling the patches requires 
further attention. Considering the large number of 
variable size patches in a reflectarray antenna, it 
would be efficient if one imports the patch 
elements with a geometry file, which contains the 

location and dimension of each patch. For this 
design, a dxf file was created using Matlab© and 
imported into FEKO. The mask of the reflectarray 
phasing elements, and the geometry of the 
reflectarray system modeled in FEKO are shown 
in Fig. 7. For this design 434,450 unknown basis 
functions need to be calculated by the FEKO 
method of moments (MoM) solver. Considering 
the large number of unknowns, the multilevel fast 
multi-pole method (MLFMM) solver in FEKO 
was selected for this simulation. In total, the full-
wave simulation here required 22.25 GB of 
memory with a CPU time of 19.94 hours on an 8 
core 2.66 GHz Intel(R) Xeon(R) E5430 computer. 
The simulated radiation pattern of the reflectarray 
antenna is shown in Fig. 8. 

 

                         

(a)                                  (b) 
 

Fig. 7. (a) Mask of the reflectarray phasing 
elements and (b) model of the reflectarray antenna 
in FEKO. 

 

 
Fig. 8. Simulated radiation pattern of the 437 
element Ka-band reflectarray antenna. 
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The main beam is correctly scanned to 25º off-
broadside, which indicates that the phasing 
elements are providing the necessary phase shift 
on the reflectarray aperture. The computed 
maximum gain of the reflectarray antenna is 28.22 
dB, which corresponds to an aperture efficiency of 
43.05 %. The side-lobe and cross-polarization 
levels are -23.5 dB and -28.6 dB, respectively. It 
should be pointed out that the full-wave simulation 
takes into account all approximations in 
reflectarray element design as well as the edge 
diffraction effects. Therefore the full-wave 
simulation here can provide a good measure to 
observe the performance of the reflectarray 
elements in the real reflectarray application 
environment. 

 
B. Comparison with analytical solution 

Different analytical approaches are available 
to calculate the radiation characteristics of the 
reflectarray antennas. However in general, several 
approximations are made in these methods. 
Therefore, some discrepancies are usually 
observed in comparison with full-wave or 
measured results. This is primarily due to element 
design approximations, mutual coupling, and edge 
diffraction effects, which are not taken into 
account in these methods. Furthermore, for smaller 
reflectarrays the approximations in the analysis are 
less accurate, and as such they show a larger 
discrepancy with the measured results. 
Nonetheless, the analytical approaches can serve 
as a fast and comparable method to verify the full-
wave simulation results presented in the previous 
section.  

For the study here we used the aperture field 
approach [4], where the radiation pattern of the 
reflectarray antenna is calculated using the 
tangential fields on the reflectarray aperture. To 
compare the radiation patterns of the two 
approaches, we study the radiation patterns in the 
2-D planes that best capture the radiation features 
of the antenna, i.e., the principal planes (P.P.), 
which are defined according to [20]. For this 
configuration, P.P.1 is the xz-plane and P.P.2 is the 
yz'-plane in the xyz'-coordinate system. This xyz'-
coordinate system is obtained by rotating the xyz-
coordinate system, 25º about the y-axis. The 
radiation patterns in the principal planes are shown 

in Fig. 9. It can be seen that a good agreement in 
the co-polarized radiation pattern shape is 
observed between the analytical and full-wave 
approach. In addition, the main beam direction, 
beam-width, side-lobe, and cross-polarization 
level in the main beam area show a close 
agreement. The discrepancies however, which are 
mainly observed outside the main beam areas, are 
due to the approximations in the aperture field 
approach. This study also reveals that analytical 
approaches have limited accuracy, and when 
accurate radiation pattern computation in the entire 
3-D space is required, full-wave simulation of the 
reflectarray system is necessary. 
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Fig. 9. Radiation pattern of the reflectarray 
antenna: (a) P.P.1 and (b) P.P.2. 

 
It is worthwhile to point that the aim of the 

study here was to analyze the accuracy of the 
reflectarray radiation pattern computed using 
analytical approaches, thus comparison with full-
wave simulations is more advantageous than 
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measurements, since measurement results are 
susceptible to both fabrication and measurement 
errors. However, it is worth mentioning that our 
analytical approach has been confirmed by 
successful fabrication and experimental 
verification of several reflectarrays, as 
demonstrated in [20, 21]. 

 
IV. NEAR-FIELD ANALYSIS AND 

ELEMENT DIAGNOSTICS 
A. Phase shift of reflectarray elements 

A detailed procedure and a successful design 
of a Ka-band reflectarray antenna were presented 
in the previous sections. One of the notable 
advantages of a full-wave simulation is that in 
addition to calculating the far-field radiation 
performance, it can also provide the 
electromagnetic field quantities in the near field of 
the reflectarray system. For a reflectarray antenna 
this can be quite advantageous, since as discussed 
in section II, several approximations are made in 
the element design and in general, performance 
evaluation of the elements would require a near-
field analysis. It should be noted that the near-field 
study here requires analysis of the scattered field. 
Therefore in addition to the full-wave simulation 
in section III, which provides the total field, one 
must also perform another simulation for the feed 
antenna alone, to obtain the incident fields. The 
phase of the incident and total electric fields on the 
reflectarray aperture are given in Fig. 10. It should 
be noted that since the feed horn antenna is x-
polarized, the phase is only given for the Ex 
component.  
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Fig. 10. Phase of the electric field on the aperture: 
(a) incident and (b) total. 

 
The aim of this study is to observe the phase 

shift provided by the phasing elements of the 
reflectarray antenna. From the total and incident 
fields, the scattered fields are calculated using 

.incidenttotalscattered EEE


            (3) 

The phase of the scattered electric fields (for the 
Ex component) on the reflectarray aperture is 
given in Fig. 11. The phase shift provided by the 
reflectarray elements can then be calculated as 

.ShiftPhaseElement incidentscattered EE


  (4) 
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Fig. 11. Phase of the scattered electric field on the 
aperture. 
 

This provides a useful visualization to 
determine if the phasing elements are designed 
correctly and are providing the necessary phase 
shift. Comparison between the elements ideal 
phase shift and the quantized phase shift resulted 
from the full-wave simulation of the reflectarray is 
given in Fig. 12. These results clearly indicate that 
for this design, the phasing elements on the 
reflectarray aperture are generating a phase shift 
that creates the collimated beam. In terms of 
performance diagnostics, if any errors are made in 
the phasing element design and placement, this 
study will be able to detect the elements that are 
not providing the necessary phase shift. 
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Fig. 12. Phase shift on the reflectarray aperture: (a) 
ideal phase shift and (b) phase shift obtained from 
full-wave simulation. 
 
B. Random phase error and diagnostic 

To better illustrate this near-field diagnostic 
technique, we also designed a reflectarray antenna 
with randomly distributed patch dimension error in 
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a small segment on the aperture. The error, with a 
maximum of 1 mm, is randomly distributed in a 
circle at the top right quadrant of the array. It is 
worthwhile to note here that in practice these 
errors could be due to fabrication, wear, or even 
design errors. The mask of the reflectarray phasing 
elements, and the phase shift on the aperture are 
shown in Fig. 13. 
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Fig. 13. (a) Mask of the reflectarray antenna with 
randomly distributed error and (b) phase shift on 
the aperture of the reflectarray antenna based on 
full-wave simulation. 

 
It can be seen that, while it is quite difficult to 

observe these small dimensional errors in Fig. 13 
(a), the computed phase shift on the aperture can 
clearly show the elements that are not providing 
the necessary phase shift, thus illustrating the 
advantages of full-wave near-field diagnostics 
proposed in this paper. It is worthwhile to point 
out that while in the study here only 30 elements, 
i.e., less than 7 % of the total number of elements, 
exhibit phase error, the radiation performance also 
shows notable degradation. A comparison between 
the radiation patterns of both designs is given in 
Fig. 14.  
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Fig. 14. Radiation pattern of the reflectarray 
antenna. 

It can be seen that in addition to some beam 
deterioration, the maximum gain of the antenna 
has also been reduced from 28.22 dB to 27.56 dB. 
Furthermore, while the gain reduction here is 
about 0.66 dB, if such a phase error shall be 
observed in a strongly illuminated region, i.e., the 
geometrical center of the array, it would 
correspond to a greater loss. 
 

V. CONCLUSION 
A detailed procedure for design, modeling, 

and full-wave simulation of reflectarray antennas 
was presented. This was demonstrated through a 
case study of a 437-element Ka-band reflectarray 
antenna with comprehensive details on aperture, 
phasing element, and feed antenna design. In 
addition, comparison between analytical solution 
and full-wave simulation is also presented, which 
clearly illustrates the necessity of full-wave 
approaches for an accurate radiation analysis of 
reflectarray antennas. Moreover, the performance 
of each individual element of the reflectarray 
antenna was obtained in the real reflectarray 
configuration through the computed near-field. 
This is a useful tool for diagnosing and providing 
corrections when defected elements are observed. 
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Abstract  An efficient method combining the 
finite-difference time-domain (FDTD) method and 
genetic algorithm (GA) is proposed for the 
reverberation chamber (RC) optimization. In this 
method, the GA is utilized to optimize the 
parameters of RC model built by the FDTD 
method, such as the stirrer position and stirrer 
shape. Since the application of GA in the RC 
optimization and the RC model is automatically 
varied along with the optimization process, this 
method improves the accuracy and efficiency of 
the RC optimization. In addition, the influence of 
transmitting antenna position on the field 
uniformity around the lowest usable frequency is 
also investigated by this method. This method has 
been verified by comparing with the experiment 
results. 
  
Index Terms  Field uniformity, finite-difference 
time-domain, genetic algorithm, reverberation 
chamber, stirrer, and transmitting antenna.  

 
I. INTRODUCTION 

The reverberation chamber (RC) is an 
electrically large and highly conductive enclosed 
cavity used for electromagnetic compatibility 
(EMC) measurements. Mechanical stirring is the 
most common technique used in the RC in order to 
produce fields that are statistically uniform and 
isotropic, and is accomplished by using rotating 
stirrers, which are made up of metal paddles inside 
the chamber. Consequently, the stirrer plays a key 
role in defining the RC performance. More 
precisely, the field uniformity inside the chamber 
can be enhanced by optimizing the stirrer position 

and stirrer shape. In [1], the optimization of the 
stirrer shape is investigated to improve the field 
uniformity of the RC. In [2, 3], the optimal stirrer 
position is found by studying the influence of 
different stirrer positions on the field uniformity of 
the RC. However, the optimal stirrer shape in [1] 
is chosen from the finite stirrer shapes given by 
the authors, and the optimal stirrer position in [2, 
3] is chosen in the same way. Thus, since the 
optimization mechanism is artificial selection, the 
accuracy of the optimization results is limited, and 
the really optimal stirrer shape or the stirrer 
position may not be precise.  

In order to improve the optimization accuracy, 
an efficient RC optimization method is proposed 
in this paper, which combines the FDTD method 
with the genetic algorithm (GA). Based on the 
standard deviation of the electric filed inside the 
RC, the GA is utilized to optimize the parameters 
of the RC model built by the FDTD method, such 
as the stirrer position and stirrer shape; thereby the 
optimization accuracy is improved. Furthermore, 
this method makes the RC model automatically 
varied along with the optimization process, which 
saves time and workload. In addition, the 
eigenmode density (number of modes per 
frequency interval) is low and the performance of 
the RC is not good when the RC operates around 
the lowest usable frequency (LUF) [4]. The 
transmitting antenna position will also slightly 
affect the performance of the RC, but there is less 
attention to this point. In this contribution, the 
influence of transmitting antenna position on the 
field uniformity around the LUF is also 
investigated by using our proposed method. 
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II. MODELING OF REVERBERATION 
CHAMBER 

Numerical modeling of the RC is a very useful 
tool to analyze the electric field. The obvious goal 
of the simulation would be the complete design, 
evaluation, and optimization of the RC until all 
target specifications are met prior to physical 
construction. The RC test systems are designed to 
cover a broad frequency range. For a broad 
simulation response, frequency-domain methods, 
such as the method of moments (MoM) [5, 6] and 
the finite element method (FEM) [7], are at a 
disadvantage compared to time-domain methods 
such as FDTD [8, 9], the finite-volume time- 
domain (FVTD) [10], and the transmission line 
matrix (TLM) method [11]. While the latter 
requires only one simulation run to calculate the 
field in a large frequency band with the use of a 
Fourier transform, the former necessitate one 
simulation at each frequency point. 

After evaluating the pros and cons of different 
numerical methods, we use the 3-D FDTD method 
as it is suited to the determination of all resonance 
frequencies and field properties in a frequency 
band. The RC model in this study is a rectangular 
cavity with dimensions 10.5 m × 8.0 m × 4.3 m 
(length × width × height), which is identical with 
the prototype RC. The first resonance frequency of 
the RC with this size is 24 MHz, and the LUF can 
be evaluated by multiplying the first resonance 
frequency by a constant whose value varies 
between 3 and 6 [12, 13]. Hence, the LUF of the 
RC analyzed in this paper is between 72 MHz and 
144 MHz. Since the performance of the RC is poor 
around the LUF, it is of interest to optimize the 
performance of the RC around the LUF. 
Therefore, we have chosen to study the frequency 
band from 80 MHz to 150 MHz. The transmitting 
antenna model is a log-periodic operating between 
60 MHz to 2 GHz, and a Gaussian pulse up to 300 
MHz in the frequency domain is excited by this 
antenna. According to the FDTD principles 
defined in [14], the space and time increments are 
set equal to h = 0.1 m and t = 1.710-10 s, 
respectively (the space step is assumed to be the 
same for the three directions). In order to reduce 
the simulation time, an ideal wall is considered 
and air losses can be used to replace wall losses 
[8]. For the RC in this paper, the conductivity of 
the air is σ = 210-5 S/m obtained from the 

experimental analysis, and 25,000 time steps are 
needed to ensure that the FDTD algorithm 
converges to the steady state. In Fig. 1 the 
temporal electric field z-component signal (x = 5.0 
m, y = 6.9 m, z = 2.15 m) reaches the equilibrium 
after 25,000 time steps. 
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Fig. 1. Temporal electric field z-component signal 
inside the RC. 
 

Figure 2 shows the internal structure of the 
prototype RC, with a log-periodic antenna, the 
horizontal stirrer, and the vertical stirrer. Since 
fifty angle positions may be required for the lower 
frequencies according to [15], the model needs to 
run fifty separate times for each investigated 
stirrer. The horizontal and vertical stirrers are 
stepped in fifty positions (10  5) in interleaved 
mode in this paper. 

 
 

Fig. 2. Photo of the reverberation chamber 
prototype, showing a part of the horizontal stirrer 
on the right, the vertical stirrer, and a log-periodic 
transmitting antenna. 
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III. OPTIMIZATION PROCESS 
Many empirical criteria and the classical 

statistical laws characterizing the RC electrical 
behavior have been proposed to ensure satisfactory 
functioning of the RC [16-20]. The standard 
deviation measurement is usually used to evaluate 
the field uniformity [15, 19]. In this case, the 
standard deviation σr (with r = x, y, z) of the eight 
maximal values over a stirrer rotation of each field 
component (Ermax) calculated at eight points within 
the working volume, and the standard deviation 
σ24 of Ermax of three field components (24 values) 
are calculated, respectively (a more detailed 
presentation of calculating the standard deviation 
can be found in [15]). According to the norm 
IEC61000-4-21 [15], the smaller the standard 
deviation is, the better the field uniformity is. 
Furthermore, the σ is much easier to be used to 
evaluate the performance of the RC, since 
comparing several sets of graphs by eye, such as 
those depicted in Fig. 3, is very difficult. Hence, 
the σx, σy, σz and σ24 are taken as the objective 
functions, and the σ is defined as the average 
standard deviation over frequencies 80 MHz  150 
MHz in this paper. 
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Fig. 3. Standard deviation of the RC model. 

 
By letting the fitness function F = σx  σy  σz  

σ24, the multi-objective optimization problem 
becomes a single-object problem. Again, the field 
uniformity is getting better with the decrease of F. 
The GA is used to optimize the field uniformity of 
the RC model. The specific optimization process is 

as follows: (1) Generating an initial population of 
the optimization variables defining the 
transmitting antenna position (the stirrers shape or 
the stirrer position). The population size is 30. (2) 
Every individual of the optimization variable is 
assigned to the RC model, and the model is 
calculated by the FDTD method. (3) Calculating 
the fitness function F. (4) Selection takes place, 
where a stochastic universal sampling (SUS) is 
applied to select the quality individuals. (5) 
Crossover is followed, where a uniform crossover 
is applied to make individuals matched pairs in a 
crossover probability Pc that is 0.8. (6) Mutation, 
Gaussian mutation is applied to make the selected 
individuals stochastically vary gene in a mutation 
probability Pm that is 0.1. (7) The condition of 
termination; if the generation t is less than the 
maximum generation 30, program jumps to step 
number (2), or else the individual with the 
minimum fitness is exported. 

It should be noted that the RC model is 
automatically modified by the program after the 
optimization variable is assigned to the RC model, 
which saves time and workload. 

 
IV. OPTIMIZATION RESULTS 

The transmitting antenna position, the stirrer 
shape, and the stirrer position are optimized by 
using our proposed method, respectively. The 
optimization variable is set as follows: (1) The 
coordinates of the transmitting antenna tail x = a, y 
= b, z = c, are the optimization variables when the 
antenna position is optimized, as shown in Fig. 4. 
(2) The angle  and  between the paddles are the 
optimization variables when the stirrer shape is 
optimized, as shown in Fig. 4. (3) The distance d1 

between the horizontal stirrer and the right wall of 
the chamber is the optimization variable when the 
stirrer position is optimized, as shown in Fig. 5 
(N.B. the reason why the horizontal stirrer position 
is only optimized is that the vertical stirrer takes 
too much space and has to keep a distance from 
the transmitting antenna, so the range of the 
vertical stirrer position is small). (4) The a, b, c, , 
, and d1 are the optimization variables when the 
global RC is optimized. 
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Fig. 4. Drawing of the RC model showing the 
horizontal stirrer with ‘V’ angle  on the right, the 
vertical stirrer on the left with ‘<’ angle  and the 
transmitting antenna. The x = a, y = b, z = c, are 
the coordinates of the transmitting antenna tail. 
The working volume is x∈[2.9, 7.0]; y ∈ [4.3, 
9.5]; z∈ [1.0, 3.3]. 
 

 
 
Fig. 5. Platform of the RC model, where d1 is the 
distance between the horizontal stirrer and the 
right wall of the chamber. 
 

Table 1 contains the optimal values of the 
optimization variables. From Table 1, it can be 
seen that the optimal values of the optimization 
variables when optimizing the global chamber are 
different from the optimal values when optimizing 
the transmitting antenna position, the stirrer shape 

and the stirrer position independently, which 
shows that the optimal values of these parameters 
are interactional.  

It is well known that the stirrer shape and the 
stirrer position affect the field uniformity of the 
RC. However, as shown in Fig. 6, the transmitting 
antenna position also affects the field uniformity 
around the LUF, but relatively slightly compared 
with the stirrer shape and the stirrer position. 
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Fig. 6. Fitness functions versus individual number 
of the first generation. 

 
Table 2 shows the optimization results. The 

results in Table 2 verify that the optimization 
improves the field uniformity of RC, but the 
improvement is small by optimizing the 
transmitting antenna position, and a much greater 
improvement in field uniformity is achieved by 
optimizing the stirrer position or the stirrer shape, 
which shows that the field distribution inside the 
RC is more sensitive to the stirrer. 

 
 
Table 1:  Optimal and initial values of the optimization variables. 

 a/m b/m c/m d1/m /° Ө/° 
Initial  5.72 2.20 1.13 1.20 128.30 90.00 

Optimal antenna position  6.43 2.43 1.87 － － － 
Optimal stirrer position － － － 4.25 － － 
Optimal stirrer shape  － － － － 168.23 146.54 

Optimal the global RC 6.35 2.26 2.08 3.33 127.48 161.62 
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Table 2:  Optimization results.  
 σx/dB σy/dB σz/dB σ24/dB F/dB 

Initial 2.35 2.37 2.30 2.46 9.48 
Optimal antenna position 2.33 2.31 2.27 2.32 9.23 
Optimal stirrer position 2.19 2.21 2.17 2.17 8.74 
Optimal stirrer shape 2.16 2.15 2.14 2.18 8.63 

Optimal the global RC 2.09 2.07 2.10 2.12 8.38 
 

 
V. VERIFICATION OF THE 
OPTIMIZATION METHOD 

The optimization method is verified by 
optimizing the transmitting antenna position to 
save the experiment resource. The field uniformity 
of the RC (see Fig. 1) is measured separately when 
the transmitting antenna is at initial and optimal 
positions. The horizontal and vertical stirrers are 
moved in 10  5 positions, in interleaved mode, 
using a stepper motor that is controlled by 
computer software. An optical fiber transmission 
field strength meter EMR-200 produced by Narda 
STS is used to measure the electric fields at the 
eight positions within the working volume. 

Table 3 shows the standard deviation obtained 
from the measurement data for both the optimal 
and the initial position of the transmitting antenna. 
There is an improvement of 0.17 in the value of F 
between the optimal and the initial transmitting 
antenna position, which shows that the 
optimization does improve the field uniformity of 

the RC although, the modeled optimization results 
predicted a slightly larger improvement of 0.25 
(see Table 2). The differences between the 
simulation and experiment results can be 
explained by the numerical dispersion of the 
FDTD scheme. Moreover, the differences could be 
reduced by using a more accurate mesh.  

In addition, from the optimization results 
separately obtained by experiment and simulation 
(see Tables 2 and 3), we can note that, although 
the optimization does improve the RC’s 
performance, the margin of improvement is not 
excessive by modifying only those six parameters 
(a, b, c, d1, , and  ), especially the transmitting 
antenna position. Using this optimization method 
proposed in this paper, a much greater 
improvement in performance could be achieved by 
modifying more complex parameters that affect 
the design of the stirrer, rather than keeping the 
basic shape the same and searching for the best 
angles.

 
Table 3: Optimal and initial transmitting antenna position measurement results. 

 σx/dB σy/dB σz/dB σ24/dB F/dB 
Initial 2.23 2.27 2.19 2.30 8.99 

Optimal 2.17 2.18 2.23 2.24 8.82 
 

 
VI. CONCLUSION 

By applying the GA in the RC optimization 
design, an efficient RC optimization method is 
presented which improves the RC optimization 
accuracy and saves time and workload. 
Measurements have been performed to verify that 
the optimization within the GA does actually 
produce an improvement within a real chamber. 
The optimization results of simulation and 
experiment show that the field uniformity of the 
RC has been improved by optimizing the 
transmitting antenna position, the stirrer shape and 
the stirrer position, and the improvement obtained 

by optimizing the stirrer is larger compared with 
optimizing the transmitting antenna position.  

Although the optimization does improve the 
RC’s performance, the improvement is small by 
modifying only those six simple parameters (a, b, 
c, d1, , and ). As we all know, the larger the 
rotation volume of stirrer and the more complex 
the stirrer structure, the better the RC’s 
performance. Consequently, in the future work, on 
the basis of the constant working volume, some 
more complex parameters that affect the design of 
the stirrer (e.g., the rotation volume and structure 
of the stirrer) could be optimized by using the 

297CUI, ET. AL.: EFFICIENT METHOD OF OPTIMIZING REVERBERATION CHAMBER USING FDTD AND GENETIC ALGORITHM METHOD



optimization method proposed in this paper, 
instead of keeping the basic shape the same and 
searching for the best angles.   

In addition, since the performance of the RC is 
poor around the LUF, the performance of the RC 
around the LUF (from 80 MHz to 150 MHz) is 
investigated in this paper. When the RC operates 
around the higher frequency of the RC, the RC’s 
performance will also be improved by 
optimization, but the improvement will be 
relatively small since the eigenmode density is 
high and the RC’s performance is inherently good 
at high frequency. Consequently, it is of small 
significance to optimize the RC at high frequency. 
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Abstract ─ In this paper, three new types of rat-
race ring couplers with defected microstrip and 
ground structure (DMGS) are presented and one 
type is fabricated to validate the simulation results. 
The proposed structures have the advantages of 
size reduction as well as 3rd harmonic suppression. 
Embedding the DMGS section increases the slow-
wave factor (SWF) and as a result the resonant 
frequency of the coupler decreases, which sets the 
stage for size reduction. In addition, insertion 
losses of the 3rd harmonic of the proposed couplers 
are reduced to 35 dB. After optimizing with 
genetic algorithm (GA), one type is fabricated. 
Good agreement between the simulation and 
measurement results is observed. Simulations are 
carried out using HFSS 13 and the designed 
coupler is validated by measurement. 
  
Index Terms – Defect on microstrip, defect on 
ground, DMGS, and hybrid ring rat-race coupler. 

 
I. INTRODUCTION 

Microstrip rat-race ring couplers are important 
structures in microwave engineering. Among all 
couplers, rat-race couplers are widely used due to 
their simplicity and wide bandwidth in dividing 
power. They are used in power amplifiers, mixers, 
and antenna systems [1]. Hybrid ring couplers are 
also used in isolated power dividers where high 
level of isolation between the ports is required. 
However, this isolation is generally limited in 
bandwidth by the phase balance performance of 

the hybrid. The conventional 180º hybrid ring 
coupler has several shortcomings. It is inherently 
narrow band, large in size, and it requires 
impractically high impedance line sections for 
large power-split ratios. Therefore, many 
techniques have been proposed to improve the 
frequency characteristic of rat-race couplers and 
attempts are continually made to reduce their size, 
suppress their spurious harmonics, increase their 
bandwidth, and make a dual band coupler [2, 3]. 

Wireless communication systems usually 
require smaller device size in order to meet circuit 
miniaturization and cost reduction. Thus, size 
reduction is becoming a major design 
consideration for practical applications. However, 
in the low microwave frequency range, even a 
small size conventional hybrid coupler is still too 
large for some applications. Therefore, reduced 
size couplers are continually proposed for MMIC 
(Monolithic Microwave Integrated Circuit) 
applications [3-7]. 

Recently, there has been an increasing interest 
in microwave and millimeter-wave applications of 
the PBG (photonic band gap) [5, 6] and the DGS 
(defected ground structure) [2, 7-9]. In the case of 
2-dimensional PBG structure [5], a lot of PBG 
cells increase the circuit size, which leads to 
feedline losses. Also, the slow-wave effect in [5] is 
sensitive to the location and direction of the line 
with respect to the principal axes of the periodic 
defected holes on the ground. In [7] a rat-race 
coupler with DGS sections has been proposed that 
is not optimum neither in size nor in shape. In 
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addition, several defected microstrip structures 
(DMS) have been proposed for suppression of 
spurious responses in the microstrip filters [10-
12]. In this paper, we apply the novel idea of 
embedding defects on the strip and ground plane 
of a rat-race coupler, simultaneously. As a result 
we achieve the goal of very small size coupler as 
well as deep suppression of third harmonic signal 
that are very important in the MMIC applications. 
For all proposed structures, the used substrate is of 
relative dielectric constant equal to 3.55 and 
thickness of 31 mil. 
 

II. MICROSTRIP LINE WITH DMGS 
SECTION 

Figure 1 shows a microstrip line with DMGS 
section and S-parameters of the line. The width 
and length of the microstrip line are 3 mm and 
16.65 mm, respectively. As shown in Fig. 1 (b), 
these lines with DMGS section acts as a lowpass 
filter [10]. Therefore, the DMGS can be modeled 
with an RLC circuit and the circuit parameters are 
achieved according to equation (1).  

 

2 2 2 2
0 0 0

1 1
, .

4 2 2 ( )
c

c

f
L mH C nf

f C Z f f 
 



0

2
02

11

2

1 1
(2 ( )) 1

( )

Z
R

Z C
LS





  

,       (1) 

 

in which f0 and fc are the attenuation pole and cut-
off frequencies, respectively. From Fig. 1 (b) it is 
seen that the microstrip line with DMGS has a cut-
off frequency at 1.07 GHz and an attenuation pole 
at 7.4 GHz. The parameters of defects on the 
microstrip and ground plane are: u = 8 mm, v = 
1.2 mm, c = 1.5 mm, a = 5 mm, b = 5 mm and the 
narrow gap distance is g = 0.2 mm. 
 

 
 
 
 
 
 
 
 
 
 
 
                               (a) 
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Fig. 1. Configuration of the microstrip line with 
DMGS: (a) parameters of microstrip line with 
DMGS and (b) the return loss (solid line) and 
insertion loss (dotted line) of the microstrip line 
with the DMGS section. 

 
To compare the effect of three types of defects 

on the phase response of a microstrip line, we 
simulate four different types of microstrip lines: 
the conventional microstrip line, microstrip line 
with DGS section, line with DMS section and line 
with DMGS section in Fig. 2. As shown by Fig. 2, 
the frequency at which the phase of S21 becomes -
90° is different for each type of defect. Fig. 2 
illustrates that the line with the DMGS sections 
has the most effect on the phase of a microstrip 
line and reduces the resonant frequency from 2.1 
GHz to 1.12 GHz. This decrease in the resonant 
frequency of the microatrip line with DMGS is 
due to the slow-wave effect. In fact, embedding a 
defect on a microstrip line changes the inductance 
and capacitance of the line and subsequently the 
resonant frequency of the line. The effect of 
embedding a DMGS section on the inductance of 
the line is much more than other types of defects. 
Furthermore, according to (1), the increase in the 
inductance of the microstrip line results in 
decrease in the resonant frequency of the line. 
Note that we use this property of the DMGS, 
which affects the phase of microstrip line, to 
reduce the size of rat-race coupler, as well as to 
suppress the 3rd harmonic signal. 
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III. THREE TYPES OF RAT-RACE 
COUPLERS WITH DMGS SECTIONS 

The shapes of the proposed couplers have 
been illustrated in Figs. 3, 6, and 8. For each 
proposed coupler, six DMGS sections are used and 
the DGS sections are exactly under the DMS 
sections. 

 
            DMGS                 DGS         DMS    Conventional 

 

 
 
Fig. 2. Phase of the S21 for the conventional 
microstrip line (red solid line), microstrip line with 
DMS (blue dotted line), microstrip line with DGS 
(green dashed line), and microstrip line with 
DMGS (black dotted-dashed line). 
 
A. Rat-race coupler α 

The coupler α is shown in Fig. 3. We use GA 
as the optimization method [13, 14]. The 
properties of the substrate as well as the coupler 
dimensions remain unchanged during the 
optimization. Dimensions of the defects and the 
width of the strip line are optimized using GA. 
The optimum parameters of this type of coupler 
are obtained as u = 7 mm, v = 1.7 mm, c = 1.5 
mm, g = 0.2 mm, a = 4 mm, b = 7.5 mm, and Wr = 
4 mm. The simulated S-parameters of the 
proposed coupler α have been depicted in Fig. 4. 
For comparison, we simulated a conventional 
coupler and the simulated results have been shown 
in Fig. 5. 

As shown in Figs. 4 and 5, the central 
frequency of coupler α has been lowered from 2.7 
GHz to 1.35 GHz. The central frequency of the 
proposed coupler is half that of the conventional 

coupler (1.35/2.7). Therefore, the wavelength in 
coupler α is twice the wavelength in the 
conventional coupler. Due to direct relation 
between wavelength and the perimeter of the ring 
(P = 6λ/4), the perimeter and radius of the ring of 
coupler α are twice the perimeter and radius of the 
conventional coupler, respectively. Hence, the 
occupation area of coupler α is 0.25 that of the 
conventional one. In other words, the proposed 
coupler with central frequency 1.35 GHz acts as 
the conventional coupler with central frequency 
1.35 GHz, but the proposed coupler α is 75 % 
smaller than the other one (note that the 
conventional rat-race coupler with central 
frequency 1.35 GHz is four times larger in size 
than the conventional coupler with central 
frequency 2.7 GHz). Additionally, Fig. 4 shows 
that the 3rd harmonic of the conventional rat-race 
coupler has been suppressed to more than 35 dB. 

 

     
 

Fig. 3. Configuration of the proposed rat-race ring 
couplers α. 
 

The S-parameters of the conventional rat-race 
coupler in Fig. 5 show strong passband near the 3rd 
harmonic frequencies, which has a bad effect on 
the overall performance of the RF systems. 
Therefore, a lowpass or bandpass filter is required 
to lessen the effect of the spurious signal, which 
leads to an increase in the insertion loss and RF 
front-end size. In the proposed coupler, there is no 
need to insert any filter because it rejects 
harmonics intrinsically, and as a result the 
performance of the overall system will be 
improved. 

The bandwidth of the conventional rat-race 
coupler is 15.9 % at 2.7 GHz. For the proposed 

Port 4 Port 2 

Port 1 Port 3 m4 

m3 m2 

m1 
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coupler, the bandwidth is 13.7 % at 1.35 GHz. 
Therefore, the new coupler has just 2 % narrower 
bandwidth than the conventional rat-race coupler. 
Return loss and isolation between input and output 
ports of the proposed coupler α, in the bandwidth, 
are less than -20 dB and the insertion losses are 
better than -3.4 dB. In addition, phase and 
amplitude imbalance of the coupler α are better 
than 1 dB and 50, respectively. 
 

               S41 (dB)            S31 (dB)       S21 (dB)     S11 (dB) 

 

 
 
Fig. 4. Simulated S-parameters of the proposed 
rat-race coupler α. 
 

               S41 (dB)            S31 (dB)       S21 (dB)     S11 (dB) 

 

 
 
Fig. 5. Simulated S-parameters of the conventional 
rat-race coupler. 

B. Rat-race coupler β 
The schematic view of the proposed coupler β 

has been shown in Fig. 6. We used fractal DGS 
and T-shape DMS sections in this type of coupler. 
After optimization with GA, we obtained the 
optimum values as u = 8 mm, v = 1.5 mm, c = 1.5 
mm, g = 0.2 mm, a = 5.5 mm, b = 7.5 mm, and Wr 

= 4 mm. 

 

  
                         

            (a)                                     (b) 
 
Fig. 6. The proposed rat-race ring coupler β. (a) 
Configuration of the coupler β and (b) the 
parameters of the coupler β. 
 
 

Figure 7 shows the S-parameters of coupler β. 
Central frequency has been reduced to 1.32 GHz, 
hence the size of the proposed coupler β is 0.239 
that of conventional coupler (note to the procedure 
followed in section III A for coupler α). In one 
hand, the occupation area of coupler β is 4.6 % 
less than that of coupler α and it has wider 
bandwidth as well. On the other hand, coupler β 
has more return loss and less suppression of the 3rd 
harmonic in comparison to coupler α. 

 
C. Rat-race coupler γ 

The coupler γ has been shown in Fig. 8. In 
[12] a spiral defected microstrip structure is 
proposed to make a dual band microstrip antenna. 
We use this type of defect on the microstrip ring 
line of a rat-race coupler with dumbell-shape 
DGS. The width of the ring is chosen to be Wr = 4 
mm. The optimum parameters of the coupler γ are 
w1 = 0.5 mm, L1 = 10.5 mm, w2 = 0.8 mm, L2 = 
11 mm, w3 = 0.4 mm, L3 = 1.1 mm, a = 5 mm, b 
= 8.5 mm, and g = 0.2 mm. 
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               S41 (dB)            S31 (dB)       S21 (dB)     S11 (dB) 
 

 
 

Fig. 7. Simulated S-parameters of the proposed 
rat-race coupler β. 

 

 

  
                               (a) 
 

 
 
 
 
 
 
 
 
 
 
 

                                     
                                     (b) 
 

Fig. 8. The proposed rat-race ring coupler γ. (a) 
Configuration of coupler γ and b) parameters of 
coupler γ. 

The S-parameters of coupler γ are depicted in 
Fig. 9. It is evident that the central frequency of 
coupler γ has been reduced to 1.29 GHz. 
Therefore, coupler γ decreases the occupation area 
by 77.1 % in comparoison to the conventional rat-
race coupler. Coupler γ has smaller size, but it has 
weak response in suppressing the 3rd harmonic. In 
other words, unlike the two previous couplers, 
coupler γ can not suppress spurios harmonics. 

Table 1 shows the advantages and 
disadvantages of the three new proposed couplers 
relative to the conventional coupler. Size, 
bandwidth, and the ability of coupler to suppress 
the third harmonic are compared in Table 1. 

 
Table 1: Properties of the three proposed couplers. 

Type of 
coupler 

Size 
Suppression 

of 3rd 
harmonic 

Bandwidth 

Conventional 
coupler 

1 No 15.9% 

Coupler α 0.25 35dB 13.7% 
Coupler β 0.239 25dB 14.3% 
Coupler γ 0.228 5dB 15% 

 
               S41 (dB)            S31 (dB)       S21 (dB)    S11 (dB) 

 

 
 

Fig. 9. Simulated S-parameters of the proposed 
rat-race coupler γ. 

 
IV. EXPERIMENTAL RESULTS 

To validate our novel idea, a rat-race coupler 
with DMGS sections has been fabricated and 
measured based on the optimum values we 
obtained from the simulations. Figure 10 shows 
the top and bottom view of the fabricated new 
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coupler. Measurement of the fabricated coupler 
has been carried out with R&S ZVB vector 
network analyzer.  

 

 
 

(a)                                    (b) 
 

Fig. 10. Fabricated rat-race coupler with DMGS 
sections, (a) top view and (b) bottom view. 
 

The measured S-parameters of the fabricated 
coupler have been shown in Figs. 11 and 12. 
Simulated and measured return loss and insertion 
loss between ports 1 and 2 are depicted in Fig. 11 
(a), simultaneously. Simulated and measured 
isolation between ports 1 and 4 as well as insertion 
loss between ports 1 and 3 are shown in Fig. 11 
(b). First, the insertion loss of the proposed 
coupler (S21, S31) is -3.8 dB around central 
frequency. There is always 0.3 dB to 0.5 dB loss 
due to the connectors. Without considering 
connector losses, the insertion loss of coupler is 
almost -3.4 dB around the central frequency that 
concedes the simulation results. Additionally, as 
shown by Fig. 11, insertion losses are less than -30 
dB around the 3rd harmonic frequencies. Deep 
insertion loss ensures us about suppressing the 3rd 
harmonic signal. Finally, in Fig. 11 (a), it is 
obvious that the central frequency of the new 
coupler has been lowered to 1.35 GHz. Based on 
very good agreement between simulations and 
measurements of coupler α, it is evident that all 
simulation results for all the three proposed 
couplers are completely reliable. 

To ensure the phase balance of the output 
signals, the phase difference between output ports 
(phase of S21 minus phase of S31) has been 
depicted in Fig. 12. Good agreement between 
simulation and measurement, especially in the 
bandwidth, is obtained and this will again validate 
the simulated results. It is seen that around the 
central frequency of the proposed coupler, phase 
difference between the output ports is less than 5 
degrees. 

 (a) 
 

 
                                    (b) 
 

Fig. 11. Measured S-Parameters of the fabricated 
coupler, (a) simulated and measured S11 and S21 
and (b) simulated and measured S41 and S31. 

 

 
 
Fig. 12. Simulated and measured phase difference 
between output ports of the fabricated coupler. 
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V. CONCLUSION 
In this paper, three new miniaturized rat-race 

couplers having harmonic suppression have been 
expressed. First, a microstrip line with DMGS 
section was examined, and then new couplers with 
DMGS sections were simulated. Finally, one type 
of the proposed couplers was fabricated and 
measured. The optimum parameters for all three 
couplers have been obtained using GA. In the 
proposed couplers, the central frequency has been 
lowered significantly and the 3rd harmonic has 
been suppressed to more than 30 dB. Due to 
compactness, low cost, and harmonic suppression, 
rat-race couplers with DMGS sections may be 
used widely in microwave and millimeter-wave 
integrated circuits. 
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Abstract ─ Design and analysis of a printed 
prototype of an S-shape slotted patch antenna for 
16.8 GHz Ku band application is proposed in this 
paper. The proposed miniaturized S-shape patch 
antenna has been designed and analyzed by using 
market available Ansoft high frequency 
electromagnetic simulator and fabricated on a 
printed circuit board. The measured -10 db return 
loss bandwidth ranges from 15.35 GHz to 19.65 
GHz (25.59 %) with achieved gain of 6.2 dBi at 
the resonant frequency 16.8 GHz. A radiation 
efficiency of 88.2 % and 80° (320°-40°) 3 dB 
beam width has been testified. The symmetric and 
almost steady radiation pattern of the proposed 
antenna has been made suitable for the frequency 
range from 15.35 GHz to 19.65 GHz. 
Furthermore, the current distribution over the 
radiating patch is examined and a parametric study 
of the ground plane size has been conducted in this 
study. 
  
Index Terms ─ Anechoic measurement chamber, 
finite element method, printed circuit board, 
microstrip patch antenna, and wideband. 
 

I. INTRODUCTION 
With the rapid growth of wireless technology 

antenna miniaturization has become a vital 
concern for the development of compact 
communication terminal [1-3]. Nowadays, all 
electronic communication devices are compulsory 

to be compact, smaller size, lightweight, and low 
cost with multiband operation capability [4-7]. 
Antennas are needed to be small enough to be 
integrated with compact communication module. 
Due to low profile, low cost, easy integration, and 
manufacturability; the demand of planar 
microstrip patch antenna has been increased to be 
integrated with more than one communication 
system into a compact module [8-12]. In order to 
design such small multifunctional wireless 
devices, antenna modules are required to be 
miniaturized accordingly [13-15]. To design 
miniaturized patch antennas for multiband 
operation, radiation efficiency, wide bandwidth, 
low manufacturing cost, steady radiation patterns, 
and consistent gain are required to be taken in to 
account. A number of studies on multiband 
antenna design have been reported, including 
DNG ZOR based antenna for multiband operation 
[16], switch fed reconfigurable antenna structure 
[17], flat-plate inverted-F antenna [18], step-
shaped microstrip line fed printed monopole slot 
antenna [19], and folded 3D monopole multiband 
antenna [20].  

A considerable amount of research effort has 
been given to design small antennas for Ku/K 
band applications. Due to scarcity of the 
bandwidth in lower bands and availability in 
higher band, Ku/K band has become very popular 
for radar applications. Recently, numerous small 
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patch antennas are investigated for Ku/K band 
applications. A comprehensive analysis of MIMO 
SAR, virtual antenna has been done [21], 
wideband EBG antenna using double-layer 
frequency selective surfaces [22], an active phased 
array antenna for Ku-Band for mobile satellite 
[23], linearly polarized omnidirectional planar 
filtenna Ku-band [24], dual-polarized low-profile 
hemispherical luneburg lens antennas [25] etc.   

An 8×10 mm2 S-shape planar microstrip line 
fed slotted patch antenna has designed and 
configured for Ku/K band SAR remote sensing 
applications. The designed antenna has been 
fabricated on a printed circuit board (PCB). The 
low cost, long lasting, market available 1.5 mm 
thick FR4 material used as antenna substrate with 
dielectric constant (εr) of 4.6. The proposed 
antenna has been measured in far field 
environment and measured -10 dB return loss 
bandwidth 4.3 GHz from 15.35 GHz to 19.65 GHz 
with peak gain 8.77 dBi and 90.8 % of radiation 
efficiency. The symmetric and nearly steady and 
omnidirectional radiation pattern has also been 
measured. Furthermore, the effects of the length of 
ground plane have analyzed.       
 
II. PROPOSED ANTENNA DESIGN AND 

CONFIGURATION 
The proposed S-shape antenna has been 

designed and analyzed by using finite element 
method (FEM) based market available high 
frequency electromagnetic simulator [26-27]. 
Figure 1 shows the schematic diagram of the 
proposed antenna design geometry. S-shape is 
obtained by cutting slots from the rectangle plate. 
The design of the microstrip radiating patch 
element of the proposed antenna comprises of the 
configuration of its dimensions. The basic idea of 
the patch dimension was taken from the 
established mathematical formulation [27]. 
Although, the available mathematical modeling is 
based on the conventional rectangular patch for 
the slotted S-shape radiating patch the dimension 
is determined using test and modify method, 
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In the above equations (1) and (2), W is the 
width and L is the length of the patch, f0 is the 
center resonant frequency, c is the speed of light in 
vacuum. The effective dielectric constant can be 
calculated by using the following equation [27], 
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where εr is the relative dielectric constant and h is 
the thickness of the substrate. Due to the fringing 
field around the periphery of the patch, the 
antenna electrically looks larger than its physical 
dimensions. The increment to the length, Δl due to 
the fringing field and can be expressed as [28], 
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Fig. 1. Schematic diagram of the proposed 
antenna. 
 

The patch width (W) has a minor effect on the 
resonance and it has been determined by using the 
mathematical modeling [29]. The length of the 
radiating patch (L), location of the feeding point 
and the slots has a dominant effect on the 
resonance. The length of the patch (L) is 0.44 λ 
and the width (W) is 0.56 λ, where λ is the 
corresponding wavelength at the resonance 16.8 
GHz. By carefully tuning the dimension and 
location of the two 2.5×1.5 mm2 slots the desired 
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frequency band has been determined. The 
photograph of the proposed antenna prototype is 
shown in Fig. 2. A 2 mm long 1 mm wide 
microstrip line has been used for the feeding to 
meet the 50 ohm impedance characteristics. An 
SMA connector has been used at the end of the 
microstrip feed line for excitation. 

 
 

(a)                                   (b)  
 

Fig. 2. Printed prototype (a) patch and (b) ground 
plane of the proposed antenna. 
 

The proposed antenna is modeled as resistors 
with a standard 50 Ω, when designing the interface 
circuits at the operating frequencies. Figure 3 has 
illustrated the equivalent RLC circuit model of the 
proposed antenna. For equivalent circuit 
configurations such as the C- and Π- network 
topologies, for which the circuit branch functions 
are uniquely given in terms of the associated 
network parameters, each branch can be separately 
augmented by parallel and series branch elements. 
The Z-parameter responses of this antenna are 
obtained using IE3D EM simulator based on 
method of moments (MoM) and from the 
equivalent circuit modeling using only a single 
augmentation. A satisfactory agreement is also 
observed between SPICE and MoM simulations at 
the resonant frequencies. The RLC parameter is 
frequency dependent, the resonant frequencies 
have been determined by a conducting element L. 
The circuit parameters are R1 = 704.031 Ohm, R2 
= 122.382 Ohm, R3 = 36.411 Ohm, C1 = 0.0516 
PF, C2 = 0.0809 PF, C3 = 0.477 PF, and L = 

0.0335 nH. The circuit shows high pass filter 
characteristics without inductor L. The resonant 
frequency has been determined by a conducting 
element L.    

 
 
Fig. 3. Equivalent RLC circuit of the proposed 
antenna.  

III. RESULTS AND ANALYSIS 

The results of the proposed antenna prototype 
have been measured in a rectangular shape 5.5 m × 
5 m × 3.5 m anechoic measurement chamber.  A 
double ridge guide horn antenna is used as a 
reference antenna. The photograph of the anechoic 
measurement chamber is shown in Fig. 4. 
Pyramidal shape electrically-thick foam absorber 
with less than -60 dB reflectivity at normal 
incidence is used on the wall, ceiling, and floor. A 
turn table of 1.2 m diameter is used to rotate the 
measuring antenna with specification, 1 rpm 
rotation speed; 360o rotation angle connected with 
a 10 meter cable between controllers. An Agilent 
vector network analyzer (VNA) range up to 20 
GHz is used for measurement procedures.  

 
 

Fig. 4. Illustration of the anechoic measurement 
chamber. 
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The return loss of the proposed antenna with 
three different lengths of the ground plane is 
shown in Fig. 5. It can be clearly seen that, the 
return loss value is much lower and a wider 
bandwidth is achieved from the proposed antenna 
with 4.5 × 2 mm2 ground plane. The simulated and 
measured return loss of the proposed antenna is 
shown in Fig. 6. It can be observed from the graph 
that, 4.3 GHz (15.35 GHz  19.65 GHz) -10 dB 
bandwidth has been measured from the proposed 
antenna prototype. The measured bandwidth 
covers 2.65 GHz of Ku band and 1.65 GHz of K 
band. Figure 7 shows the achieved radiation 
efficiency and gain of the proposed antenna. The 
average gain of the proposed antenna is 5.39 dBi 
and the average radiation efficiency is 88.25 %, 
which have been obtained over the entire 
operating frequency from 15.35 GHz to 19.65 
GHz. A 6.20 dBi gain with 88.21 % radiation 
efficiency has been achieved at the of 16.8 GHz.          

 
 

Fig. 5. Return loss of the antenna with four 
different ground plane sizes. 

 

 
 

Fig. 6. Simulated and measured return loss of the 
proposed antenna. 

The simulated and measured radiation pattern 
of the proposed antenna prototype are shown in 
Fig. 8. The measured 3 dB beam width 80° (320°-
40°) can be clearly seen from the E-plane radiation 
pattern. It can also be observed from the radiation 
pattern, that the proposed antenna can operate as 
omnidirectional. In both radiation pattern of E- 
and H-planes, the cross-polar effect is much lower 
than the co-polar effect, which is desired. The 
measured co-polar value is not less than -10 dB 
from 290° to 90°, from 160° to 210° in E-plane and 
in H-plane from 260° to 80° and from 190° to 240°. 
The symmetric and almost steady radiation pattern 
makes the proposed antenna suitable for smooth 
operation in part of the K/Ku band application. 
 

 
 

Fig. 7. Gain and efficiency of the proposed 
antenna. 

 
Table 1: Comparison between the proposed 
antenna and some existing antennas. 

Author 
Propo

sed 
[30] [31] [32] 

Frequency 
(GHz)

16.8 2.08 2.0 1.309 

Size (mm2) 20x14 79x38 58x58 40x40 
Bandwidth 

(GHz)
4.3 0.440 1.03 0.009 

Gain (dBi) 6.2 9.5 9.3 1.9 
 

The current distribution along the radiating 
patch is shown in Fig. 9. The current flows 
stronger near the feeding point and around the 
cutting edge and weaker in the upper side farthest 
from the feed line. Comparison between the 
proposed antenna and some existing antennas is 
shown in Table 1. It can be clearly seen that, the 
proposed antenna is smaller in size with wider 
bandwidth and high gain. Conversely, some of 
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reported antennas achieved higher gain 
compromising the overall size. These antennas 
would need bigger space to be integrated with 
small devices, which is not preferred. 

 
 

 

Fig. 8. E- and H-planes radiation pattern of the 
proposed antenna. 

IV. CONCLUSION 
A 0.44 λ × 0.56 λ microstrip line fed S-shape 

electrically small patch antenna has been designed, 
analyzed, and measured in this paper. The 
proposed slotted patch antenna has been fabricated 
on a 1.6 mm thick commonly available FR4 

substrate. A parametric study of the proposed 
antenna has been conducted with four different 
lengths of ground plane and an optimized 
dimension is chosen. The measured -10 dB return 
loss bandwidth 4.3 GHz operating frequency from 
15.35 GHz to 19.65 GHz with maximum gain 8.77 
dBi of the proposed antenna prototype. The 
measured bandwidth covers 2.65 GHz of Ku band 
and 1.65 GHz of K band. The radiation efficiency 
of 88.21 % and gain 6.20 dBi has been achieved at 
the resonant frequency 16.8 GHz. The proposed 
antenna shows the omnidirectional pattern of a 
steady radiation characteristics. 

 
 

Fig. 9. Current distribution along the radiating 
patch of the proposed antenna. 
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Abstract ─ This paper presents a new wideband 
circularly polarized square slot antenna (CPSSA) 
with a coplanar waveguide (CPW) feed. The 
proposed antenna is composed of two arc-shaped 
and inverted-L grounded strips around opposite 
and mirror corners of the square slot. In this 
antenna the impedance bandwidth and the axial 
ratio bandwidth (ARBW) are increased compared 
to the previous CPSSA structures. For the 
optimized antenna prototype, the measured 3 dB 
axial ratio bandwidth is 76 % (3 GHz - 6.7 GHz) 
and the measured VSWR < 2 impedance 
bandwidth is as large as 108 % (3 GHz - 10.1 
GHz). Throughout this paper, the improvement 
process of the axial ratio (AR) and S11 properties 
are presented and discussed in detail. 
 
Index Terms ─ Axial ratio (AR), broadband, 
circularly polarized (CP), and square slot antenna. 
 

I. INTRODUCTION 
In the past few years, circularly polarized (CP) 

antennas have become more popular due to their 
importance in wireless communications, radar, 
radio frequency identifier (RFID), and sensor 
systems. For deploying a transmitter and a receiver 
without causing a polarization mismatch between 
them, circular polarization (CP) is becoming 
popular in wireless communications to enhance 
system  performance,  providing  better  mobility,  
and weather penetration, more than the linearly 
polarized (LP) antennas [1, 2] and also reduction 
in multi-path reflections. In addition, the channel 

capacity of a communication link can be doubled 
in a frequency reuse system by using circular 
polarization [3]. To create circular polarization, 
the antenna must radiate from two orthogonal 
modes with equal amplitude that are in phase 
quadrature. For generating CP radiation, various 
structures and designs of broadband CP antennas 
have been produced. A microstrip slot antenna 
may be a good choice as it is low profile, low cost, 
lightweight, and can be easily integrated with 
monolithic microwave integrated circuits 
(MMICs) [4].To improve the operating bandwidth 
and not increase the antenna size, using the printed 
slot antenna is a possible method. Since the 
printed slot antenna is a dual of the microstrip 
antenna, it is also possible that by introducing 
some perturbations to the slot antenna, CP 
radiation of slot antenna can be achieved [5]. 
Some of the techniques that are used to design  
these kinds of antennas with broad CP bandwidth 
include the following: embedding two inverted-L 
grounded strips around two opposite corners of the 
slot [1], embedding T-shaped grounded metallic 
strip, which is perpendicular to the axial direction 
of the CPW feed-line [2], using an asymmetric 
CPW fed from a corner of the slot with an 
additional pair of grounded strips implanted in the 
slot [6], corrugated slot antenna with  meander  
line  loaded [7], utilizing the embedded arc-shaped  
grounded metallic strip for circular and linear 
polarization [8], and embedding a lightning-
shaped feed line and inverted-L grounded strips  
[9]. 
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This paper presents a novel design of a CPW-
fed circularly polarized square slot antenna. 
According to measured results, the impedance 
bandwidth is about 108 %, entirely covering the 3 
dB AR bandwidth, which is about 76 %. This 
antenna is suitable for IEEE 802.11a, (5150–5350 
MHz / 5725–5825 MHz) and for IEEE 802.16, 
(3200–3800 MHz / 5200–5800 MHz). 
 

II. ANTENNA DESIGN  
Figure 1 shows the configuration of the 

proposed CPW-fed circularly polarized square slot 
antenna (CPSSA). 

 
 

Fig. 1. Geometry of the proposed CP square slot 
antenna with G = 60, L = 40, h = 0.8, Wf = 3.1, g = 
0.3, g1 = 0.7, r1 = 5, r2 = 15.2, r3 = 11, Ws = 2, L1 = 
7, W1 = 2.9, L2 = 18, W2 = 4.05, L3 = 9.9, W3 = 
11.6, L4 = 1, W4 = 18.75, L5 = 1.1, W5 = 4.5, L6 = 
4.1, and W6 = 1.75 (All units are in millimeters). 

 
The proposed CPSSA is printed on a 

commercially cheap FR4-epoxy substrate with εr = 
4.4, tan (δ) = 0.024, and dimensions of 60 × 60 × 
0.8 mm3. The feed line of the proposed antenna is 
CPW and is connected to a 50 Ω SMA connector. 
The gap between the feed line and the ground is 
0.3 mm, which is widened at the end to improve 
the impedance bandwidth. The length and width of 
the feed line are, respectively, 35.3 mm and 3.1 
mm, which is connected to a semi-circular patch. 
A tuning vertical stub has been embedded in the 
feeding structure. The CP operation of the 

proposed antenna is greatly related to the two arc-
shaped and an inverted-L grounded strips in 
opposite and mirror corners placed around the 
corners of the square slot. The structure of the 
inverted-L grounded metal strips was first 
proposed in [1]. For increasing ARBW a tuning 
horizontal grounded strip at the top right corner 
and a tuning slit at the left side of the feed line on 
the ground plane have been employed. The 
structure shown in Fig. 1 will generate right-hand 
and left-hand circularly polarized (RHCP and 
LHCP) radiations in the +z and -z directions, 
respectively. 

 
III. RESULTS AND DISCUSSION 

The performance of the CPSSA at parametric 
studies has been investigated to find the optimized 
parameters using the Ansoft high frequency 
structure simulator software (HFSS, ver.12) based 
on the finite element method (FEM). An Agilent 
8722ES vector network analyzer has been used to 
measure the return loss (S11). In the simulation 
setup perfect electric conductor (PEC) and an ideal 
excitation port are assumed. For simplification in 
the antenna design G = 60 mm, L = 40 mm, h = 
0.8 mm were preselected. For describing the 
design process, five prototypes of the proposed 
antenna are defined as follows (Fig. 2): Ant. I 
includes only a feed line connected to semi-
circular patch and ground plane; Ant. II contains 
two arc-shaped grounded strips around left side 
corners and inverted-L grounded strip at the 
bottom right side corner. In Ant. III a vertical 
tuning stub (L1 × W1) is embedded in the feed 
structure and the gap between the signal strip and 
the ground plane is widened at the end. Ant. IV 
has a horizontal grounded strip (L4 × W4) at top 
right corner and Ant. V has a tuning slit (L5 × W5) 
that has been cut and removed from the ground 
plane at the left side of the feed line. 

 

 
 

Fig. 2. Five improved prototypes of the proposed 
CPSS antenna.  
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Figure 3 (a) and (b) present the simulated 
frequency responses of 10 dB return loss and 3 dB 
axial ratio variations for the five designed 
prototypes of the proposed antenna. From Fig. 3 
(b), it can be observed that Ant. I has a linear 
polarization. By embedding two arc-shaped and an 
inverted-L grounded strip around the corners of 
the square slot, the AR is greatly improved, which 
reaches 3 % (5.27 GHz–5.44 GHz) and 4 % (5.92 
GHz–6.17 GHz) (Ant. II). Nevertheless, in this 
case the AR is not guaranteed by -10 dB return 
loss. 

 
 

(a) 

 
 

(b) 
 
Fig. 3. Simulated (a) S11 and (b) AR for antennas 
I-V (for CPSS antennas with optimized values of 
the design parameters shown in Fig. 1). 
 

To improve the impedance matching, a 
vertical tuning stub is added to the feed structure 
and the gap of CPW feed is formed to a step 
shape. As shown in Fig. 3 (b), these structures (the 
embedding of vertical tuning stub to the feed line 
and widening the gap between the feed line and 
the ground plane) have great effect on the 
impedance bandwidth of Ant. II (called Ant. III). 
The 3 dB ARBW achieved for Ant. III is about 11 
% (5.84 GHz – 6.53 GHz). By adding a horizontal 

strip at the top right corner of the ground plane the 
AR bandwidth will reach 26 % (5.07 GHz – 6.6 
GHz), (Ant. IV). At last, by embedding the 
rectangular slit at the left side of the feed, not only 
AR bandwidth is increased to 75 % (3 GHz – 6.6 
GHz) but also the impedance bandwidth can be 
increased to cover the whole CP bandwidth. The 
simulated results in Fig. 3 (a) indicate that 
including the horizontal strip and the rectangular 
slit, greatly influence the ARBW. 

Figure 4 (a) and (b) indicate the measured and 
simulated return loss and AR characteristics for 
the proposed antenna. Close correspondence 
between the simulated and measured results is 
observed and the little difference between them is 
attributed to factors such as SMA connector 
effects, fabrication imperfections, and 
inappropriate quality of the microwave substrate. 
As also indicated in Fig. 4, the measured 
impedance bandwidth of the proposed antenna is 
from 3 GHz up to 10.1 GHz (3.33:1, 108 %) for 
VSWR < 2 and the measured 3 dB ARBW is 
extended from 3 GHz to 6.7 GHz (2.2:1, 76 %) 
that is about 3700 MHz. Considering the AR and 
the impedance bandwidth, it is clear that this 
proposed antenna is suitable for IEEE 802.11a, 
(5150–5350 MHz / 5725–5825 MHz) and for 
IEEE 802.16, (3200–3800 MHz / 5200–5800 
MHz). 

In Table 1 the impedance bandwidth and AR 
bandwidth of the proposed antenna (designed 
based on the ideas, which are presented in [1, 2, 6-
11]) has been compared with prototypes in [1, 9, 
10]. It is observed that the proposed antenna has 
wider AR bandwidth than the other ones. All these 
antennas were fabricated on an FR4 substrate with 
a loss tangent of tan (δ) = 0.024, permittivity of εr 
= 4.4. A photograph of the realized CPSSA 
antenna is shown in Fig. 5.  

 

 
(a) 
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Figure 8 shows the normalized radiation 
patterns of the proposed antenna simulated and 
measured at two sample frequencies of 4.2 GHz 
and 6.5 GHz. The results include RHCP and 
LHCP in the XZ and YZ planes. 

. 

 
 

 
 

(a) 

 

 
 

(b) 
Simulated RHCP. Measured RHCP.  
Simulated LHCP. Measured LHCP.  

 
Fig. 8. Simulated and measured radiation patterns 
of the proposed antenna at (a) 4.2 GHz and (b) 6.5 
GHz.  

 
IV. CONCLUSION 

A new wideband CPW-fed CPSSA has been 
proposed and implemented. By employing two 
arc-shaped and an inverted-L grounded strips CP 
radiation can be realized. The vertical tuning stub 
and step-shape gap between the feed line and the 
ground plane improved the impedance bandwidth. 
The horizontal grounded strip and the rectangular 
slit that are embedded in the left side of the feed 
line have effectively widened the 3 dB AR 
bandwidth apart from broadening impedance 
bandwidth. Experimental results show that the 
present proposed antenna has an impedance 
bandwidth of about 7 GHz (108 %) and a 3 dB AR 
bandwidth of about 3.7 GHz (76 %), which are 
greater than those obtained for similar designs. 
This antenna is suitable for IEEE 802.11a, (5150–
5350 MHz / 5725–5825 MHz) and for IEEE 
802.16, (3200–3800 MHz / 5200–5800 MHz). 
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Abstract ─ A compact printed monopole antenna 
for broadband application is presented. The 
proposed antenna, having a total physical size of 
21 × 6.5 mm consists of a patch fed by a coaxial 
line and an SMA connector as partial finite ground 
plane. The modified patch plane with a slot in its 
feed point helps to increase the impedance 
bandwidth of the proposed antenna. The optimal 
design may offer an ultra-wide impedance 
bandwidth from 2.56 GHz to 20 GHz. A prototype 
is fabricated and tested. The agreement between 
the simulated and measured results is quite good. 
  

Index Terms ─ Compact printed monopole 
antenna and ultra-wideband.  

 
I. INTRODUCTION 

Recently ultra-wideband (UWB: 3.1 GHz  
10.6 GHz) technology has received much attention 
and has become the most promising candidate for 
future short-range high-speed data 
communications. Designing UWB antennas to 
match various applications such as the wireless 
personal area network (WPAN), wireless body 
area network (WBAN), indoor localization, 
biomedical imaging, and UWB array applications 
[1] is still a major challenge and has attracted the 
interest of many researchers [2, 3].  

There are many requirements for the UWB 
antennas, such as low profile, radiation stability, 
and constant gain. To obtain these requirements, 
several compact antennas have been proposed for 
UWB applications in three dimensional [4], and 

planar form [5]. However, for miniaturizing the 
system size, the UWB antenna must be small 
enough as an internal antenna to be easily 
embedded in a portable device. In such 
miniaturized structures, to overcome the matching 
problem, someone has to make a special effort [6, 
7].   

In this paper, a compact and very simple 
printed monopole antenna with a matching slot has 
been proposed. To the authors’ best knowledge, 
present suggestion is the smallest antenna that was 
reported yet. This antenna provides not only an 
ultra wide operating bandwidth for UWB systems, 
but also good impedance bandwidth from 2.56 
GHz to 20 GHz with acceptable gain throughout 
the band. This broadband characteristic of the 
proposed monopole antenna is confirmed in the 
measurements. The antenna group delay and 
transmission characteristics are quite stable to 
satisfy broadband operation. 
 

II. ANTENNA DESIGN, SIMULATION, 
AND FABRICATION 

The geometry of the proposed UWB printed 
monopole antenna is shown in Fig. 1 (a), which 
occupies a compact size of only 21 (L) × 6.5 (W) × 
0.762 mm. The fabricated antenna, printed on an 
RT5880 substrate with a dielectric constant of 2.2, 
is composed of a simply rectangular-shaped 
radiator, optimally etched lateral slot and fed by a 
50 Ω coaxial line through an SMA connector. The 
designed antenna was successfully implemented as 
shown in Fig. 1(b). The length of the planar 
monopole was chosen to be 21 mm, which easily 
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makes the obtained impedance bandwidth have a 
lower edge frequency fL less than 2.56 GHz. The 
parameters of the feeding strips were also 
optimized to achieve a maximum impedance 
bandwidth.  

By adjusting “d”, the coupling between the 
ground plane and the lower edge of the planar 
monopole is varied, which effectively introduces a 
variation in the input reactance of the antenna. 
Thus, impedance matching of the antenna can be 
fine-tuned, and optimized impedance bandwidth 
can be obtained for the antenna. The effects of slot 
and patch truncation have been shown in Fig. 2. 
The optimized antenna is capable of tuning from 
2.56 GHz to 20 GHz providing an impedance 
bandwidth of about 7.8:1. Experimental results are 
also presented in Fig. 2. In this figure, we labeled 
the truncated slotted planar monopole antenna as 
Type I, while the slotted antenna is labeled as 
Type II (without truncation), and the antenna with 
nor the slot neither the truncation as Type III. 

The measured results are in good agreement 
with those of the simulation. Despite its very small 
size, the proposed antenna has achieved wider 
bandwidth than the antennas reported in [3] and is 
able to tune over a wide bandwidth to cover the 
entire range 3.1 GHz to 10.6 GHz assigned for 
UWB applications. For UWB antenna systems, the 
group delay is a useful parameter to measure the 
variation of the phase response against frequency. 
The group delay of an antenna can be calculated 
from the derivative of the phase response of the 
transfer function with respect to frequency.  

Figure 2 also shows the group delay results as 
calculated from the time domain responses, in 
CST Microwave Studio, which reveals less than 
0.8 ns fluctuations in the group delay across the 
UWB, [8-10]. Apparently, smaller variations of 
the group delay occur for the truncated slotted 
antenna. It seems clearly that the slot is mainly 
affecting the impedance tuning condition while the 
patch truncation modifies the group delay 
response. Figure 3 shows the simulation results for 
the E- and H-planes radiation pattern at 3 GHz, 5 
GHz, 10 GHz, 15 GHz, and 20GHz. It can be 
observed that the radiation pattern of the proposed 
antenna is monopole-like while the frequency is 
below 10 GHz and becomes broadside gradually 
in the higher frequencies. The measured co- and 
cross- components of the radiation pattern for 

some sample frequency only in E-plane for brevity 
are plotted in Fig. 4. 

 
 
 

 
(a) 

 

 
 

(b) 
 
Fig. 1. (a) Antenna geometry and (b) photograph 
of measured antenna of dimensions: L = 21 mm, 
W= 6.5 mm, W1 = 3.5 mm, W2 = 0.25 mm, T = 2.25 
mm, Ts = 0.4 mm, S = 0.5 mm, and d = 0.25 mm. 

 

x y 

z 
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Fig. 2. Measured and simulated VSWR for both 
proposed and simulated antenna group delay. 
   

 
(a) 

 
(b) 

 
Fig. 3. Simulated normalized radiation patterns, 
(a) E-Plane and (b) H-Plane.  

The measurements were made using a meter 
length of phase stable test cable. Moving a hand 
along this cable visibly perturbed the return loss 
display, indicating that the cable supported 
currents from the antenna. Current traveling from 
the ground down the feed cable is a very common 
phenomenon with monopole antenna designs. To 
achieve high levels of feed cable isolation in 
monopole-type designs, the use of current-choking 
techniques and careful placement of the feed cable 
connector have often been necessary. In 
commercial use, the antennas are normally 
operated connected directly to the transceiver 
PCB, and therefore the feed cable coupling is not 
an issue, [11]. 

The radiation pattern looks like a doughnut, 
similar to a monopole pattern, at the first resonant 
frequency, as shown in Fig. 4 (a). At the second 
frequency, the pattern looks like a slightly pinched 
donut with the gain increase around θ=450, Fig. 4 
(b). Above the end of the standard UWB band and 
at the higher frequencies, the patterns are squashed 
in azimuth and humps form in the up-right 
directions (gain increasing), as shown in Figs. 4 
(d) – 4 (e). The E-plane patterns have large back 
lobes and look like a doughnut or a slightly 
pinched doughnut at lower frequencies. With the 
increase of the frequency, the back lobes become 
smaller, splitting into many minor ones, while the 
front lobes start to form humps and notches.  

It is also noticed that the patterns on the H-
plane are almost omnidirectional at lower 
frequencies and become distorted at the end of the 
band. The asymmetry of the patterns for the E- and 
H-planes components is caused mainly by the 
asymmetrical feed configuration. Also, the severe 
asymmetry of the monopole causes degradation of 
the omnidirectional radiation patterns of the E-
plane components in the azimuth plane, as shown 
in Fig. 4 (c). This degradation becomes worse 
when the operating frequency increases. As shown 
in Figs. 4 (a) – 4 (e), the measured radiation 
patterns are almost close to those obtained in the 
simulation (i.e., Fig. 3). This has verified the 
simulated radiation patterns. However, the 
measured E-plane pattern does not agree well with 
the simulation. This discrepancy seems to be due 
to an enhanced perturbing effect on the antenna 
performance caused by the feeding structure and 
cable at this frequency.  

z y 

x 

xy 

z

3GHz 

20GHz 
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Moreover, from the comparison of the 
fabricated prototype to the simulated geometry of 
Fig. 1, it is clear that some of the asymmetry in the 
measured patterns as compared to the symmetry in 
the simulated patterns could be attributed to the 
offset in the ground plane afforded by the physical 
SMA connector. The ground plane in the 
simulation extends beyond the edge of the printed 
component of the antenna whereas the actual SMA 
stops at approximately the width of the slot (W1). 

 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 

 
 

(d) 
 

 
 

(e) 
 

Fig. 4. Measured normalized E-plane radiation 
patterns at (a) 3 GHz, (b) 5 GHz, (c) 10 GHz, (d) 
15 GHz, and (e) 20 GHz.  

 
 
The transition of the radiation patterns from a 

simple doughnut pattern at the first resonance to 
the complicated patterns at higher harmonics 
indicates that this antenna must have gone through 
some major changes in its behavior; however, the 
antenna gain variation is less than 2 dB through 
the whole frequency band (simulation results at 
main lobe direction, θ = 600), as shown in Fig. 5.  

As it can be seen in Fig. 5, the antenna 
radiation gain is approximately flat at the antenna 
main lobe, while its variation is high in both 
azimuth and elevation angles. This behavior is due 
to much more uniform current distribution in the 
lower frequencies versus higher ones (see Fig. 6). 
In this figure, the poynting vector has been shown 
at 3 GHz, 5 GHz, 10 GHz, 15 GHz, and 20 GHz. 
This figure confirms the transition of the radiation 
patterns as described before. 
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Fig. 5. Antenna gain at different elevation angles.  
 
 

 
(a) 

 

   
(b) 

 
(c) 

 

   
(d) 

 

   
(e) 

 
Fig. 6. Simulation results for normal pointing 
vector at (a) 3 GHz, (b) 5 GHz, (c) 10 GHz, (d) 15 
GHz, and (e) 20 GHz.  
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III. CONCLUSION 
A printed compact monopole antenna has been 

proposed and fabricated for broadband 
applications, while the antenna has a total size of 
21 mm × 6.5 mm. The antenna composed of patch 
plane with etched slot on the bottom edge helps to 
increase the impedance bandwidth. It is observed 
from measurements that the proposed antenna with 
the optimally etched slot has achieved an 
impedance bandwidth of 17.0 GHz (2.56 GHz to 
20 GHz), which covers the entire UWB band. 
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Abstract ─In this paper, we present a novel design 
of dual band-notch printed slot antenna for UWB 
applications. The antenna consists of a square 
radiating stub and a ground plane structure with an 
H-shaped slot and a pair of -shaped strips 
protruded inside rectangular slot, which provides a 
wide usable fractional bandwidth of more than 
145% (2.49 GHz  15.73 GHz). In order to 
increase the impedance bandwidth of the ordinary 
slot antenna, we use an H-shaped slot in the 
ground plane, through which an UWB frequency 
range can be achieved. Additionally, by using a 
protruded -shaped strip in the top edge of the 
rectangular slot a single frequency band-stop 
performance can be achieved, also in order to 
create the second notch frequency, we insert the 
second protruded -shaped strip in the bottom 
edge of the rectangular slot. Simulated and 
measured results obtained for this antenna show 
that the proposed slot antenna offers two notched 
bands, covering all the 5.2/5.8 GHz WLAN, 
3.5/5.5 GHz WiMAX and 4 GHz C-band range. 
The antenna has a small dimension of 2020 
mm2. 
  
Index Terms ─ H-shaped slot, microstrip-fed slot 
antenna, protruded -shaped strip, and ultra-
wideband (UWB) applications.  
 

I. INTRODUCTION 
Communication systems usually require 

smaller antenna size in order to meet the 

miniaturization requirements of radio-frequency 
(RF) units [1]. In UWB systems, the improvement 
of the impedance bandwidth, which does not 
involve a modification of the geometry of the 
planar antenna, has been investigated, and growing 
research activity is being focused on them. As 
important compact UWB antennas, printed slot 
antennas have attracted more and more attention. 
Consequently, a number of planar slots with 
different geometries have been experimentally 
characterized [2-6]. 

In this paper, a new dual band-notched 
microstrip-fed slot antenna is presented. In the 
presented antenna, an H-shaped slot was used for 
bandwidth enhancement and two -shaped strip 
protruded inside the rectangular slot on the ground 
plane were applied in order to generate dual bad-
notch function. The size of the designed antenna is 
smaller than the UWB antennas with band-notched 
function reported recently [4-7]. Simulated and 
measured results are presented to validate the 
usefulness of the proposed antenna structure for 
UWB applications. 

 
II. ANTENNA DESIGN 

The presented small slot antenna fed by a 50Ω 
microstrip line is shown in Fig. 1, which is printed 
on an FR4 substrate of thickness 0.8 mm, 
permittivity 4.4, and loss tangent 0.018.  The basic 
slot antenna structure consists of a square stub, a 
feed line, and a ground plane. The square stub is 
connected to a 50-Ω microstrip feed line. On the 
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other side of the substrate, a conducting ground 
plane is placed. The proposed antenna is 
connected to a 50 Ω SMA connector for signal 
transmission. The final dimensions of the 
proposed designed antenna are shown in Table 1. 

In this design, to achieve a new additional 
resonance frequency and give a bandwidth 
enhancement performance, we use an H-shaped 
slot on the ground plane. Based on defected 
ground structure (DGS), the modified H-shaped 
slot acts as an impedance matching element that 
controls the impedance bandwidth of the proposed 
antenna. This is because it can create additional 
surface current paths in the antenna; therefore 
additional resonance is excited and hence much 
wider impedance bandwidth can be produced, 
especially at higher bands [8]. 

Additionally, in this study, the proruded -
shaped strips in the ground plane perturb the 
resonant response and act as half-wave filtering 
element to generate a new notch frequency, 
because it can creates additional surface current 
path in the feed line. At the notch frequency, the 
current flows are more dominant around the 
proruded -shaped strips, and they are oppositely 
directed between the protruded strips and the 
ground plane [9]. As a result, the desired high 
attenuation near the notch frequencies can be 
produced.  

 
 
Table 1: The final dimensions of the designed 
antenna. 

Param. mm Param. mm Param. mm 

SubW  20 SubL  20 subh  8.0  

fL  4 fW  1.5 W  7  

SL  11 SW  18 1W  5.1  

1L  6 2W  0.5 2L  5 

3W  0.4 3L  5.5  4W  0.5 

4L  8 5L  8.6 6L  8.5 

HW  2 HL  4 1HW  1 

1HL  5.1  gndL  4    

 

 
 
Fig. 1. Geometry of the proposed microstrip-fed 
slot antenna, (a) side view, (b) top layer, and (c) 
bottom layer. 
 

III. RESULTS AND DISCUSSIONS 
In this section, the microstrip slot antenna with 

various design parameters was constructed, and 
the numerical and experimental results of the input 
impedance and radiation characteristics are 
presented and discussed. The parameters of this 
proposed antenna are studied by changing one 
parameter at a time and fixing the others. The 
simulated results are obtained using the Ansoft 
simulation software high-frequency structure 
simulator (HFSS) [10].  

Various antenna structures used for simulation 
studies are shown in Fig. 2. The VSWR 
characteristics of the ordinary slot antenna (Fig. 2 
(a)), ordinary slot antenna with an H-shaped slot in 
the ground plane (Fig. 2 (b)), and the proposed 
antenna structure (Fig. 2 (c)) are compared in Fig. 
3. As shown in Fig. 3, in the proposed antenna 
configuration, the ordinary slot can provide the 
fundamental and next higher resonant radiation 
band at 4.1 GHz and 8.5 GHz, respectively. To 
design a novel antenna, also in order increase the 
upper frequency bandwidth, an H-shaped slot is 
inserted in the ground plane as displayed in Fig. 2 
(b). As shown in Fig. 3, the upper frequency 
bandwidth is significantly affected by using the H-
shaped slot. It is found that the H-shaped slot itself 
is radiating at higher frequencies (10.3 GHz). 
Therefore by using this slot, the third resonance 
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occurs at 10.3 GHz in the simulation. This 
behaviour is mainly due to the change of surface 
current path by the dimensions of a pair of H-
shaped slots in the ground plane [2]. Also by using 
two proruded -shaped strips in the ground plane, 
the dual band-notch function can be achieved, 
which cover all the 5.2/5.8GHz WLAN, 3.5/5.5 
GHz WiMAX, and 4 GHz C-band [11].    

 

 
 
Fig. 2. (a) The basic structure (ordinary slot 
antenna), (b) antenna with an H-shaped slot in the 
ground plane, and (c) the proposed antenna. 
 

 
 
Fig. 3. Simulated VSWR characteristics for the 
antennas shown in Fig. 2. 
 

In order to know the phenomenon behind this 
additional resonance performance, the simulated 
current distributions on the ground plane for the 
ordinary slot antenna with an H-shaped slot at 10.3 
GHz (new additional resonance) are presented in 
Fig. 4 (a). It can be observed in Fig. 4 (a), that the 
current is concentrated on the edges of the interior 
and exterior of the H-shaped slot at the 10.3 GHz. 
Other important design parameters of this structure 
are two proruded -shaped strips, used in the 
rectangular slot. Figures 4 (b) and 4 (c) present the 
simulated current distributions on the ground plane 

for the proposed antenna structure at the first 
notched frequency (3.8 GHz) and the second 
notched frequency (5.5 GHz), respectively. As 
shown in Figs. 4 (b) and 4 (c), at these notch 
frequencies the current flows are more dominant 
around of the two proruded -shaped strips. As a 
result, the desired high attenuation near the 
notched frequencies can be produced [12-13]. 
 

 
 
Fig. 4. Simulated surface current distributions on 
the ground plane for (a) ordinary slot antenna with 
an H-shaped slot in the ground plane at 10.3 GHz 
(new additional resonance frequency), (b) for the 
proposed antenna structure at 3.85 GHz (first 
notch frequency), and (c) at 5.5 GHz (second 
notch frequency). 
 
 

The simulated radiation efficiencies and 
maximum gains of the proposed antenna are 
shown in Fig. 5. Results of the calculations using 
the HFSS software indicated that the proposed 
antenna features a good efficiency, being greater 
than 82 % across the entire radiating band except 
in two notched bands. On the other hand, the 
simulated radiation efficiencies of the proposed 
dual band-notched antenna, at 3.85 GHz and 5.5 
GHz, are only about 34 % and 27 %, respectively. 
Also, the simulated maximum gains of the 
proposed antenna are presented in Fig. 5. It can be 
observed from Fig. 5 that by using a square 
radiating patch with proposed slots, two sharp 
decrease of maximum gain in the notched 
frequencies band at 3.85 GHz and 5.5 GHz are 
shown. As shown in Fig. 5, the radiation 
efficiency has a slight drop at higher frequencies. 
This drop between low and high frequency 
patterns’ results is mostly due to FR4 substrate 
loss at high frequencies [14]. 

Figure 6 shows the measured and simulated 
VSWR characteristics of the proposed antenna. 
The fabricated antenna has the frequency band of 
2.49 GHz to over 15.73 GHz with two rejection 
bands around 3.67 GHz  4.15 GHz and 5.01 GHz 
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– 5.98 GHz. As shown in Fig. 6, there exists a 
discrepancy between measured data and simulated 
results; this could be due to the effect of the SMA 
port, and also the accuracy of the simulation is due 
to the wide range of simulation frequencies. In 
order to confirm the accurate VSWR 
characteristics for the designed antenna, it is 
recommended that the manufacturing and 
measurement process need to be performed 
carefully. 

 

 
 
Fig. 5. Simulated radiation efficiency and 
maximum gain values of the proposed slot 
antenna. 
 

    

 
 
Fig. 6. Measured and simulated VSWR for the 
proposed antenna with a picture of the fabricated 
antenna. 

 
Figure 7 shows the measured radiation 

patterns including the co- and cross-polarizations 
in the H-plane (x-z plane) and E-plane (y-z plane), 
respectively. It can be seen that the radiation 

patterns in x-z plane are nearly omnidirectional for 
the three frequencies. 
 

 
 
Fig. 7. Measured radiation patterns of the 
proposed antenna for (a) 4.5 GHz, (b) 7.5 GHz, 
and (c) 10 GHz. 

 
IV. CONCLUSION 

In this paper, a novel compact wideband 
printed slot antenna (PSA) with single and dual 
band-notched characteristics has been proposed for 
various UWB applications. The fabricated antenna 
has the frequency band of 2.49 GHz to over 15.73 
GHz with two rejection bands around 3.67 GHz  
4.15 GHz and 5.01 GHz –5.98 GHz. By cutting an 
H-shaped slot in the ground plane, additional 
resonance is excited and hence much wider 
impedance bandwidth can be produced, especially 
at the higher band. Moreover, by using two 
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protruded -shaped strips with variable 
dimensions on the ground plane, dual band notch 
characteristics are generated. The designed 
antenna has a small size. Good VSWR and 
radiation pattern characteristics are obtained in the 
frequency band of interest. Simulated and 
experimental results show that the proposed 
antenna could be a good candidate for UWB 
applications. 
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Abstract ─ In this paper a multilayer dual-mode 
complementary filter is developed based on the 
substrate integrated circular and elliptic cavity 
(SICC and SIEC). The filter is constructed with a 
SICC and double SIECs, and each cavity supports 
two degenerate modes, which can be generated 
and controlled by the coupling aperture and the 
slot located between layers. With multilayer 
topology, the structures can exhibit vertical 
coupling between vertically stacked dual-mode 
cavities. It does not only have the good 
performance, but also reduces the circuit size 
much more. Moreover, sharp transition 
characteristic in both the lower side and the upper 
side demonstrates high selectivity of the filter. 
Good agreement is obtained between the simulated 
and measured results of the proposed structure. 
 
Index Terms ─ Dual-mode filter, elliptic cavity, 
high selectivity, multilayer, substrate integrated 
circular cavity (SICC), and transmission zeros 
(TZs). 

 
I.  INTRODUCTION 

Compact RF/microwave filters with high 
performance are key components, which are 
finding increasing application in modern wireless 
communication systems. Recently, substrate 
integrated waveguides (SIW) have been proposed 
[1-6], and applied to develop many high-quality 
components. Furthermore, the SIW provides a 
promising solution to low cost, low profile, and 
low weight, while high performance is maintained.  
Usually, SIW filters are made from rectangular 
cavities [1-3]. In [1], cross-coupling was provided 
by higher order modes in cavities. Due to the 

transmission zeros are far away from the passband, 
steep transition band was hard to realize. A 
compact SIW filter with defected ground structure 
(DGS) was proposed in [2]. However, the 
substrate integrated circular cavity (SICC) and 
elliptic cavity (SIEC) are both good choices in the 
design of high performance filter [4-9]. They not 
only have the same attractiveness as classical SIW 
filters [10, 11], but also present a higher quality 
factor and lower loss. In [4], a new topology of 
coupling between SICCs was designed to produce 
particular filtering functions. In [8], a planar 
diplexer was developed based on the dual-mode 
SICCs. However, the SIW technology faces a new 
problem about the circuit size. Recently, the dual-
mode technology [8, 9, 12] has been introduced in 
the design of SIW filter to meet the requirements 
in size reduction. The dual-mode concept consists 
of using a pair of resonant modes within a single 
physical cavity, which not only reduces the circuit 
size more than half but also adds the design 
flexibility. On the other hand, the multilayer 
technology has become important, and is also 
another efficient way to achieve a compact circuit. 
In a 3-D multilayer substrate, more SIW circuits 
can be synthesized and accommodated into 
different layers and the coupling among them can 
easily be implemented to construct novel 
functional and compact structures. Therefore, the 
dual-mode and multilayer techniques can be 
combined together to achieve more compact SIW 
circuits. In [5], a fourth-order multilayer cross-
coupled circular cavity filter was proposed. A Ka-
band band pass filter has been proposed in [9] 
using dual-mode SICCs. A coupling via placed in 
the cavities was used to perturb the two degenerate 
modes. But, the via located in SICCs also 
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decreased the quality factor of cavities, and the 
four layers circuit demonstrated an insertion loss 
of 2.95 dB and the stop-band rejection is below 25 
dB. To achieve higher selectivity, an additional 
dual-mode SICC can be introduced in the above 
structure without increasing the circuit size. 
However, the lower sideband rejection can not be 
increased significantly because a SICC contributes 
only to the two transmission zeros (TZs) located at 
the upper side band. Interestingly, a SIEC exhibits 
quite different characteristic compared with a 
SICC. TZs are located in the lower side response 
of the elliptic cavity. Therefore, the SICC and 
SIEC techniques can be employed together to 
achieve multilayer complementary filter with 
higher performance. 

In this paper, dual mode SICC and double 
SIECs are introduced in the 3-D multilayer SIW 
circuits and a compact dual-mode complementary 
filter with low loss, elliptic response and high 
selectivity have been achieved. The orientations of 
coupling aperture and slot relative to the major 
axis of the SIEC can be adjusted to generate two 
degenerate modes. Meanwhile, it is possible to 
control the bandwidth and the rejection level by 
adjusting parameters of the arc-shaped slot. The 
proposed structure is not only very compact, but 
has lower insertion loss, high selectivity and better 
stop-band rejection (> 50 dB). Moreover, it can be 
found that both the upper and the lower side 
response of the filter are very steep. 

 
II.  FILTER ANALYSIS AND DESIGN 

 
A. Multilayer dual-mode complementary filter  

As shown in Fig. 1, a SICC and double SIECs 
with three layers have been introduced to improve 
the performance of the filter. The first and last 
layers are used for input/output port. Three dual 
mode cavity resonators are coupled through arc-
shaped coupling slots in metal layer 2 or layer 3. In 
these figures, WC and WS are the width of the 
coupling aperture and slot, respectively, θ is the 
central angle of the coupling slot, Ra and Rb are the 
semi-major and semi-minor axis of SIEC, 
respectively. While the symbol Wg is the width of 
the input and output SIWs. The symbol R is the 
radius of the SICC. 

 
 
 

 
 

(a) Anatomy view 
 

 
 

(b) Top view 
 

 
 

(c) Side view 
 

Fig. 1. Proposed dual-mode SICC and SIEC filter 
with three layers.  

 

B. Dual-mode SICC and SIEC principle 
It is well known that the dual-mode 

phenomenon exists in a SICC and SIEC. Compared 
with the traditional rectangular cavity, the SICC and 
SIEC both are more suitable to be used as dual-
mode cavities due to smooth inner surfaces. In a 
SICC, the degenerate modes are the horizontal and 
vertical TM110 mode. The resonant frequency for the 
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circular cavity with solid wall can be calculated 
using [13] 
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,     (1) 

where μr and εr are relative permeability and 
permittivity of the filling material, respectively, μmn 

and μ'mn are the nth roots of the mth Bessel function 
of the first kind and its derivative. The symbol R is 
the radius of the circular cavity, Δh is the height of 
the circular cavity, and c is the speed of light in free 
space. For m > 0, each m represents a pair of 
degenerate TM and TE modes (cos (mφ) or sin (mφ) 
variation). In circular cavity, TM110, the second 
order mode, is selected as the working mode. 
Different directions represent different TM110 modes 
(cos (mφ) and sin (mφ) variation). μmn is 3.832 for 
the TM110 mode. Therefore, the corresponding 
resonant frequency of TM110 mode is, 
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3.832 0.61

2 r r r r
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Then, the radius of the SICC can be obtained by, 
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R

f  
 .                          (3) 

However, in an SIEC, the two TM modes are not 
degenerated and have different resonant 
frequencies. They are denoted by TMcmnp and 
TMsmnp modes, respectively. The resonant 
frequency for elliptic cavity with solid wall can be 
calculated using [6, 7], 
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Cem(ξo, q)= 0,         for TMcm mode 
Sem(ξo, q) = 0,        for TMsm mode                (5) 
Cem′(ξo, q)=0,         for TEcm mode 
Sem′(ξo, q)=0,         for TEsm mode, 

 

where Ra and e are the semi-major axis and 
ellipticity of the SIEC, cosh (ξo) = 1 / e. Rb is the 
semi-minor axis. The parameter q is related to the 
resonant frequency, and there are a series of q 
values satisfying equation (5). To avoid ambiguity, 
a third subscript n, corresponding to the nth 
parametric root, is required in the mode 
designation, qmnp is the nth parametric zero of the 
modified Mathieu functions of the first kind of the 

order m or their derivatives. Because of Mathieu 
functions’ complicated calculation process, it is 
not very convenient to compute the parameters of 
a dual mode SIEC from equation (4). Accordingly, 
the corresponding resonant frequency of quasi 
TM110 also can be computed by following 
approximate formula, 

4 2

110 4 2
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f
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 
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.   (6) 

The resonant frequencies between the 
simulated results and the one obtained from 
equation (6) are compared as illustrated in Table 1. 
Since of a good agreement between the simulated 
and calculated results, it is concluded that the 
approximate formula can be used to determine the 
initial parameters of a dual-mode SIEC. Next, the 
solid wall is replaced by metallic vias to form 
SICC and SIEC under the guideline of [4, 5, 14]. 
The resonant frequencies of TMc110 and TMs110 
modes are approximately equal for the smaller 
ellipticity e. Consequently, using equations (3) and 
(6) the initial dimensions of the cavities are 
determined for a desired resonant frequency. 

Figure 2 shows the electrical fields of the TM110 
and quasi TM110 modes within the SICC and SIEC, 
respectively. Obviously, they are two orthogonal 
modes, which co-exist in the same cavity. The 
fields of the modes are distributed in different 
directions (cos (φ) or sin (φ) variation). The two 
degenerate modes in the SICC can be easily excited 
by setting the angle α between 100 and 130 degrees. 
Besides, the TMc110 and TMs110 modes within the 
SIEC contribute to TZs located at lower sideband 
and are engaged in passband forming. 
 

C. Coupling slot 
As shown in Fig. 3, two poles and four TZs are 

found in the response of a dual-mode 
complementary filter. Two poles below the zero Z1up 
are denoted as P1 and P2, respectively. The first and 
second zeros near the passband are denoted as Z1d 
and Z1up, respectively. Being so close to the 
passband, zeros Z1d and Z1up are both helpful to 
realize a steeper side response. The coupling slot 
size determines the position of the first zero and 
then sets the slope of the side response. Figures 4 
and 5 illustrate variations of poles, zeros as the 
coupling slot sizes changed. The distance between 
the zero Z1d and pole P1 is decreased as the coupling 
slot size WS or θ increased, but the frequency of P1, 
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Z2up is decreased evidently. Meanwhile, a change 
occurs in the frequency of P2 and Z1up. 

 
Table 1: Resonance frequencies obtained from the 
simulation and equation (6). 

 

            

                           
    

(a) Vertical mode     (b) Horizontal mode 
 

Fig.  2. The E-field distributions of the degenerate 
TM110 and quasi TM110 modes in SICC and SIEC. 

 
Fig. 3. Response of dual-mode complementary 
filter with SICC and SIEC. 

 
Fig. 4. Variation of poles, zeros with WS, where, 
δfp1-z1d = fp1- fp2, δfz1up-P2 = fz1up- fp2, θ = 36o, f0 is the 
Eigen frequency of TM110 mode. 
 

 
 

Fig. 5. Variation of poles, zeros with θ, where, Ws 
= 0.6 mm, δfp1-z1d = fp1- fp2, δfz1up-P2 = fz1up- fp2.  
 
 

As shown in Table 2, the coupling is increased 
when the slot size is increased. Then, it is possible 
to control the bandwidth and the rejection level. 
When the slot size is changed, the positions of P1, 
P2, Z1d, and Z1up influence the operating frequency. 
As observed in Figs. 4 and 5, the distance between 
the zero Z1d and pole P1 decreases evidently with 
the width of coupling slots WS or θ decreases.  

As observed in Table 3, the angle α also 
affects the bandwidth of the filter. A large value of 
α should be chosen for a broadband filter, while a 
small α may be proper for a narrowband filter. The 
proper value of α is between 100 and 130 degrees. 
Besides, the ellipticity e determines the position of 
the first zero Z1d. As illustrated in Table 4, the 
ellipticity e is also an important factor affecting 
the bandwidth. So, a large value of e should be 
chosen for a broadband filter and vice versa. 
 

 Ra, Rb 

(mm) 
Simulation 

(GHz) 
Calculated 

(GHz) 
Error 

(%) 

1 
6,   

5.21 
22.101 22.216 +0.52 

2 
8,   

6.96 
15.513 15.475 -0.25 

3 
10,   

8.045 
13.485 13.362 -0.91 

4 
12,  

9.756 
11.156 11.131 -0.23 

5 
13.4,   
10.6 

9.936 9.976 +0.40 

6 
16, 

12.87 
8.366 8.351 -0.18 
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Table 2: Relative bandwidth change with θ and 
Ws. 

θ(deg) Δf/f0 (%) Ws(mm) Δf/f0 (%) 

30 3.3 0.3 3.10 

35 3.6 0.4 3.50 

38 4.1 0.6 3.95 

40 4.39 0.7 4.10 
60 4.5 0.8 4.15 

 
Table 3: Δf/f0 change with α.    

Wc/R α (deg) Δf/f0 (%) 

0.785 110 3.9 
0.785 120 4.1 
0.785 130 4.2 

 
Table 4: Relative bandwidth change with e. 

e Wc/R α (deg) Δf/f0 (%) 

0.569 0.81 110 2.77 
0.587 0.81 110 3.61 
0.592 0.81 110 3.85 
0.612 0.81 110 4.06 
0.646 0.81 110 4.20 

 

D. External feeding structure 
The filter is excited by a tapered microstrip 

lines. Energy travels from the microstrip line into 
the SIEC resonators and then is magnetically 
coupled into the adjacent SICC by means of 
coupling slots.  

Moreover, the bandwidth and rolloff slope in 
the transition band are affected by Wc/R for a 
given angle α, as shown in Table 5. In general, 
smaller Wc/R leads to narrower bandwidth and 
steeper rolloff slope in the transition band.  
 
Table 5: Δf/f0 change with Wc/R.  

Wc/R 
α 

(deg) 
Δf/f0 
(%) 

Wc/R 
α 

(deg) 
Δf/f0 
(%) 

0.72 110 3.60 0.79 130 4.3 
0.78 110 3.87 0.88 130 4.5 
0.87 110 4.10 0.96 130 4.8 
 

E. Design consideration 
As shown in Fig. 6, a SICC and SIEC 

techniques can be employed together to achieve 
multilayer filter. Nevertheless, its selectivity is 
lower, and absence of geometric symmetry makes 

more difficulties in adjustment. So, to achieve 
higher selectivity, symmetrical structures are 
proposed as the input/output ports, i.e., double 
SIECs combined with a SICC.  

 
 

Fig.  6. Responses of multilayer dual-mode filters. 
 

F. Design example 
In our design, the center frequency and 

bandwidth of the filter are 10 GHz and 400 MHz, 
respectively. The used substrate is Rogers 5880 
with relative permittivity (εr) of 2.2 and height of 
0.508 mm. Here, the SICC and SIEC operate at 
TM110 and quasi TM110 modes, respectively. In the 
present design, the first step is to decide the 
dimensions of SICC and SIEC cavities. By using 
equations (2) and (3), the initial values of radius of 
SICC cavities (R) should be 12.3 mm. According 
to equation (6) and Table 4, the semi-major (Ra) 
and semi-minor (Rb) axes of the SIEC should be 
13.3 mm and 10.7 mm, respectively.  

The second step is to calculate the coupling 
coefficients and external quality factor. The 
coupling scheme of the proposed dual-mode 
complementary filter is presented in Fig. 7. 
Resonators 1, 2 and resonators 3, 4 represent two 
orthogonal modes, respectively. From the above 
discussion, the initial geometrical parameters of 
slot and cavities will be determined as follow:  
i) Based on the above discussion, the angle α is the 
key factor to realize the dual-mode character in 
multilayer SICCs and SIECs. As shown in Fig.1, 
the angle between the coupling slot 1 and input 
port is set to α in order to realize dual-mode in 
cavity 1. And then, the angle between the coupling 
slots 1 and 2 is also equal to α so that degenerate 
modes can exist in cavity 2. Similarly, the angle 
between the coupling slot 2 and output port must 
be kept as α in cavity 3. Based on the 
specification, the proper value of α is 110o. 
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ii) The coupling slot size determines the 
bandwidth and the positions of the zeros. 
According to Figs. 4, 5 and Table 2, the initial 
geometrical parameters of the slot are determined. 
One can choose the width of the coupling slot with 
WS = 0.6 mm, the central angle θ = 38o. 
iii) The bandwidth and rolloff slope in the 
transition band are affected by Wc/R. As shown in 
Table 5, the widths of the coupling apertures are 
determined as Wc/R = 0.8. For a given angle α = 
110o, the proper parameters are limited in a 
relatively narrow interval. According to Table 5 
and the specifications, the value ranges for Wc/R 
are from 0.75 to 0.85. Similarly, as observed in 
Table 2, the value ranges for WS, θ are from 0.6 to 
0.8 and from 35o to 39o, respectively. According to 
the above considerations, the final optimal 
dimensions of the proposed filter can be easily 
determined. 
 

 
 

Fig. 7. Coupling scheme of the sixth-order dual-
mode filter (gray areas show dual-mode cavities). 
 

III. EXPERIMENT RESULTS 
Based on the above-discussed theories, the 

multilayer dual-mode complementary filter is 
designed and fabricated with PCB process. Figure 
8 is the photograph of the fabricated dual-mode 
filter. After optimization being implemented by 
Ansoft HFSS, the geometry parameters of the 
proposed filter are listed in Table 6. The metallic 
via diameter is 0.8 mm. The space between two 
adjacent vias is uniformly arranged around 1.5 mm. 

 
Table 6: Parameters of the fabricated filter.  

Dvia(mm) 0.8 Wstrip(mm) 1.58 
p(mm) 1.5 Wg (mm) 16 

εr 2.2 Wc (mm) 10.5 
Ws(mm) 0.7 h(mm) 0.508
 (deg) 110 R(mm) 12.2 
θ(deg) 37 Ra(mm) 13.6

   Rb(mm) 10.7   

 
 

Fig. 8. Photograph of the fabricated filter. 
 
 

As observed from Fig. 9, the fabricated filter 
has a center frequency of 9.95 GHz with a 
bandwidth of 397.6 MHz. The maximum return 
loss of the proposed filter is 19.5 dB and the 
insertion loss is about 2.35 dB. Three finite 
transmission zeros are located at 9.4, 10.3, and 11 
GHz, respectively. Its stop band is from 7.8 GHz 
to 9.45 GHz with the rejection more than 50 dB, 
and from 10.8 GHz to 12.9 GHz with the rejection 
more than 45 dB. Table 7 gives some reported 
performance of SIW filters in recent years for 
comparison purposes and it demonstrates that this 
work has realized miniaturization and improved 
selectivity. 

 
Fig. 9. Simulated and measured results of the dual-
mode complementary filter with three layers. 
 

IV. CONCLUSION 
A novel multilayer dual-mode complementary 

filter has been designed, fabricated, and measured 
in this paper. The complementary SICC and SIEC 
are introduced in the 3-D multilayer SIW circuits, 
and a compact dual-mode filter with low loss and 
elliptic response has been achieved. The 
bandwidth and restraint outside the band can be 
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controlled by adjusting the parameters of the 
coupling aperture and arc-shaped slot. The 
measured maximum return loss is 19.5 dB over the 
passband while the insertion loss is about 2.35 dB. 
In particular, measured results show that the 
stopband rejection of the filter is better than 50 dB. 
Good agreement is obtained between the simulated 
and measured results of the proposed structure. 
This structure is very compact and well suited for 
the microwave and millimeter wave applications. 
 
Table 7: Performance comparison of the SIW 
filters. 
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Ref. 

Size (λg
2)/ 

Number of 
layers and 

TZs 

f0 

(GHz) 

Stopband 
rejection / 

IL(dB) 

[4] 6.80/1/1 14.60 30/3.5 
[5] 4.80/2/2 20 16/2.2 
[8] 6.36/1/1 25.53 30/2.5 

[9] 5.29/4/2 30 25/2.95 
This 
work 

4.10/3/4 9.95 50/2.35 

Where λg is the guided wavelength on the 
substrate at the center frequency f0. 
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Abstract ─ In this paper, a novel low-pass filter 
using defected ground structure (DGS) slot with a 
protruded T-shaped strip inside the slot is 
presented. The resonant frequency of the slot can 
be easily controlled by changing the protruded T-
shaped strips dimensions, without changing the 
area taken by the structure. Using this DGS slot, a 
quasi-elliptic low-pass filter was designed, 
fabricated, and tested. The experimental results 
show good agreement with simulation results and 
demonstrate that excellent stop-band performance 
could be obtained through the proposed low-pass 
filter. The filter has a cut-off frequency of about 
3.4 GHz. 
 
Index Terms ─Defected ground structure, 
microstrip low-pass filter, protruded T-shaped 
strip, and T-shaped open stub. 
 

I. INTRODUCTION 
Conventionally, the microwave low-pass filter 

(LPF) is implemented either by all shunt stubs or 
by series connected high-low stepped-impedance 
microstrip line sections. However, generally these 
are not easily available in microwave band due to 
the high impedance microstrip line and the 
spurious pass-bands. To remove these 
disadvantages, defected ground structures for 
microstrip lines have been presented in recent 
years. They have been presented in a number of 
different shapes for filter applications [1-5]. Some 
of the DGS techniques that are used to design 
these kinds of filters with broad bandwidth include 

the following: embedding two complementary 
split ring resonators (CSRR) in the ground plane 
[2], embedding multilayer coupled resonator DGS 
[3], using a novel quarter-circle DGS shape [4], 
utilizing the octagonal defected ground structure 
(DGS) along with inter-digital and compensated 
capacitors [5]. This technique is suitable for 
periodic structures and for both low-pass and 
band-pass filters, e.g., [6-8]. The DGS applied to a 
microstrip line causes a resonant characteristic of 
the structure transmission with a resonant 
frequency controllable by changing the shape and 
size of the slot. 

This paper introduces a DGS with folded T 
shaped arms. The resonant frequency of the 
structure with this slot can be controlled by 
adjusting the distance between the T-shaped arms 
without changing the area occupied by the slot or 
the aperture. A quasi-elliptic low-pass filter based 
on this slot was designed and fabricated on a 
Rogers RT/Duroid 5880 substrate with 0.635 mm 
thickness and with a relative dielectric constant of 
2.2. The resonant behavior of the DGS used here 
introduces transmission zeroes to the filter 
response and consequently improves its stop-band 
performance. 

 
II. FILTER DESIGN AND 

CONFIGURATION 
The proposed microstrip filter configuration 

with apertures under the high-impedance 
transmission lines is shown in Fig. 1.  
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Fig. 1. Geometry of proposed microstrip filter, (a) 
side view, (b) top view, and (c) bottom view. 

 
In general, the cut-off frequency of the 

microwave low-pass filter (LPF) can be adjusted 
by setting proper values of the lumped elements of 
the filter [9]. In addition, to realize the desired 
capacitive and inductive values of the filter 
elements by the stubs of the high/low impedance 
transmission lines, the characteristic impedance 
and effective dielectric constant of these 
transmission lines have to be determined. The low-
pass filter shown in Fig. 1 was designed on a 
Rogers RT/Duroid 5880 substrate with 0.635 mm 
thickness and relative dielectric constant of 2.2. 

Defected ground structure (DGS) evolved 
from photonic band gap (PBG); it is realized by 
etching defected pattern and slot in the ground 
plane. The etched defect in ground plane disturbs 
the shield current distribution in the ground plane. 
This disturbance can increase the effective 

capacitance and inductance of a transmission line, 
respectively. Thus, an LC equivalent circuit can 
represent the proposed unit DGS circuit [1-3]. The 
proposed DGS slot is shown in Fig. 1 (c). The slot 
is etched in the ground metallization under the 
microstrip line. This slot has a major advantage in 
providing tighter capacitive coupling to the line in 
comparison to known microstrip DGS. Moreover, 
the resonant frequency of the structure can be 
controlled by changing the distance between the 
folded T-shaped arms. The resonant frequency of 
the slot can be modified by changing the overall 
slot size, which shifts the cut-off frequency of the 
filter down. To shift the frequency up instead of 
frequency back, it is necessary to reduce the 
inductance of the narrow strip line that is located 
over the slot. This can easily be done by increasing 
the width of the strip [10, 11].  

The final dimensions of the proposed low-pass 
filter are specified in Table 1. 
 
Table 1: The final dimensions of the designed 
filter. 

Param. mm Param. mm Param. mm 

SubW  15  SubL  10  SW  10.8

SL  8.3 1SW  5.2 1SL  1.5 

2SW  8.0  2SL  2 3SW  1.1 

3SL  0.6 4SW  1.2 5SW  1.2 

6SW  0.4 L  2 1L  0.6 

1W  5.4 2L  7.1  2W  4.4 

3L  2 3W  2.0  4W  2.6 

5W  0.2 XL  2 XW  2 

 
III. RESULTS AND DISCUSSIONS 
The microstrip low-pass filter shown in Fig. 1 

was designed on both substrate sides by opening 
apertures in the ground metallization under the 
high-impedance transmission line. Replacing some 
of the apertures by the proposed folded T-shaped 
arms structure introduces transmission zeroes. The 
number of transmission zeroes is equal to the 
number of apertures with folded T-shaped arms. 
One transmission zero is introduced into the filter 
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response by replacing the central aperture by the 
proposed folded T-shaped arms structure. This 
slot, however, shifts the cut-off frequency of the 
filter down. To shift the cut-off frequency back, it 
is necessary to reduce the inductance of the narrow 
strip line that is located over the slot [10]. For the 
input/output connections 50 Ω microstrip lines are 
used. The parameters of this proposed filter 
structure are studied by changing one parameter at 
a time while others are kept fixed. The simulated 
results are obtained using the Ansoft simulation 
software high-frequency structure simulator 
(HFSS) [12]. 

To minimize the physical size of the proposed 
low-pass filter and increase its bandwidth, four T-
shaped open stubs are introduced into the 
microstrip transmission line to alter the input 
impedance characteristics. Figure 2 shows the 
structure of the various filter used for simulation 
studies. Return/insertion loss characteristics for 
ordinary microstrip transmission line (Fig. 2 (a)), 
with four rectangular open stubs (Fig. 2 (b)), and 
with four T-shaped open stubs (Fig. 2(c), which is 
the proposed structure) are all compared in Figs. 3 
(a) and (b). From the results shown in Fig. 3 (a), it 
is observed that when four T-shaped open stubs 
are used, the return loss of the proposed filter is 
changed at lower frequencies. As shown in Fig. 3 
(b), the four T-shaped open stubs also influence 
the bandwidth of the insertion loss [13]. The 
proposed transmission line structure can be used to 
extend the lower edge frequency and the upper 
edge frequency of the insertion loss bandwidth. 

Another important parameter of this structure 
is the exterior length of the T-shaped open stubs 
LX. Figure 4 shows the return loss for different 
values of LX. It is seen that the lower-edge 
frequency of the return loss bandwidth is reduced 
with increasing LX, but the matching became poor 
for larger values. Therefore, it can be realized that 
the optimized LX is 2 mm. 

In this paper, in order to increase the insertion 
loss bandwidth, two novel C-shaped slots and a 
rectangular slot with protruded T-shaped strips 
inside the slots are inserted in the ground plane of 
the proposed design as shown in Fig. 1. As 
illustrated in Fig. 5, the microstrip filter with 
slotted ground plane has wider insertion loss 
bandwidth in comparison to the same filter 
without slots in the ground plane [14, 15]. 

 
 

(a) 
 

 
 

(b) 
 

 
 

(c) 
 
Fig. 2. (a) Ordinary microstrip transmission line 
(b) with four rectangular open stubs, and (c) with 
four T-shaped open stubs (the proposed structure). 
 
  
 

 
 

(a) 
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(b) 
 

Fig. 3. Simulated return/insertion loss 
characteristics for the various filter structures 
shown in Fig. 2, (a) return loss and (b) insertion 
loss. 
    

 
 

Fig. 4. Simulated return loss characteristics for 
various values of LX. 
 
    

 
Fig. 5. Simulated insertion loss characteristics for 
the proposed filter with and without the proposed 
slots in the ground plane. 

By inserting four modified T-shaped strips of 
suitable dimensions at the corners of ground plane 
slots, a new configuration can be constructed. The 
truncated ground plane is playing an important 
role in the broadband characteristics of this filter, 
as it helps matching of the transmission line in a 
wide range of frequencies. This is because the 
truncation creates a capacitive load that neutralizes 
the inductive nature of the patch to produce 
nearly-pure resistive input impedance [16, 17]. 
Three such slots with different sizes of T-shaped 
strips are specified in Table 2 as cases 1, 2, and 3. 

 
 

Table 2: Three cases of the proposed filter with 
different values of T-shaped strips. 

Case 2SW  2SL  3SW  3SL  

1 0.5 2.3 0.7 0.9 
2 0.8 2 1.1 0.6 
3 1 1.8 1.4 0.45 

 
Figure 6 shows the effect of T-shaped strips 

with different values on the insertion matching in 
comparison with the same filter without T-shaped 
strips. It is found that by inserting the four T-
shaped strip of suitable dimensions at the ground 
plane additional transmission zero at 14 GHz is 
created and hence, much wider insertion loss 
bandwidth with multi transmission zeros can be 
produced, especially at the higher band. 

 
 

 
 
Fig. 6. Simulated insertion loss characteristics for 
the proposed filter without T-shaped strip and 
three cases 1, 2, and 3 with strips as shown in 
Table 2. 
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Table 3: Comparison of the proposed DGS-LPF with other related LPFs. 

Reference 
Dimension 

(mm2) 
Return Loss 
(S11<-20 dB) 

Insertion Loss 
(S21<-20 dB) 

Cut-Off Frequency 
Number of 

Transmission 
Zeros 

Ref [3] 3030 1-1.85 3-4.93 2.2 GHz 2 
Ref [4] 2721 0-2.52 3.3-5.43 3.04 GHz 2 
Ref [5] 2514 0-2.5 5-20 2.95 GHz 3 
Ref [6] 4020 0-2.8 3.7-7.5 3.2 GHz 1 

This Work 1510 0-3.15 3.87-17.3 3.4 GHz 3 

 
    

In Table 3 the performance of the proposed 
low-pass filter (designed based on the ideas, which 
are presented in previous sections) has been 
compared with prototypes in [3-6]. It can be seen 
from Table 3 that the proposed filter provides 
good performance in stop-band rejection and pass-
band return loss and smaller in size than those 
reported in literature. The proposed filter with 
optimal design, as shown in Fig. 7, was fabricated 
and tested in the Antenna Measurement 
Laboratory at Iran Urmia University. Figure 8 
shows the simulated and measured insertion and 
return loss of the filter. As shown in Fig. 8, two 
transmission zeros are introduced to the filter 
response at about 5.02 GHz and 14.12 GHz. 
Consequently, a wide stop-band was achieved. 
Additionally, the proposed DGS low-pass filter 
also has characteristics of wider and deeper stop-
band than those of conventional low-pass filters. 
 

 
 

(a)                                  (b) 
 

Fig. 7. Photograph of the realized printed low pass 
filter (a) top view and (b) bottom view. 
 
 
 
 
 
 
 

 
 

 
 

Fig. 8. Measured and simulated return/insertion 
losses for the proposed low pass filter. 
 

IV. CONCLUSION 
In this paper, two compact quasi-elliptic low-

pass filters using novel DGS slot with folded T-
shaped arms are designed and fabricated. The 
main advantages of the proposed DGS are its 
compact size and the fact that the parallel resonant 
frequency can be controlled without changing the 
overall slot area of the DGS. The transmission 
zeros introduced to the filter responses improves 
their stop-band behavior. Simulation results using 
3-D HFSS shows good consistency with 
experimental results. It is also of potential to be 
used in microwave and millimeter wave ICs. 
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Abstract ─ This paper proposes a new dual-
passband microstrip bandpass filter, which is 
composed of two asymmetric half-wavelength 
resonators and four shunt open stubs that provides 
four transmission zeros. Two short stubs are added 
to suppress the second harmonic. The relationship 
of the four transmission zeros and the dimensions 
of the filter are all provided. The dual-passband 
microstrip bandpass filter is fabricated with the 
first passband of 2.4 GHz corresponds to the 
bandwidth of 0.1 GHz and the second passband of 
5.7 GHz corresponds to the bandwidth of 0.25 
GHz. The insertion loss of the two passband is less 
than 1 dB and 3 dB, respectively and the return 
loss is more than 10 dB. The results of the 
measured and simulated data agree well. 
 
Index Terms ─ Bandpass filter, dual-band, 
harmonic suppression, and transmission zeros. 
 

I. INTRODUCTION 
Recent development in wireless 

communication and radar systems has presented 
new challenges to design and produce high-quality 
miniature components with a dual-band operation. 
Therefore, as important component of wireless 
systems, the filter is required to have dual-band 
performance. To design the dual-band filter, the 
simplest way is combining two single-band filters 
at different passband frequencies [1-3]. But it 
requires an implementation area twice that of a 
single-band filter and additional external 
combining networks. Thus, an integrated filter 
with a dual-band response is more attractive. Step-

impedance resonators (SIR) are utilized in [4-6] 
and the filters show high skirt selectivity. The 
method of defect ground structure and shunt open 
stubs technology are utilized wildly for filter size 
miniaturization and harmonic suppression [7]. In 
the filter design process, the shunt stubs are used 
to create transmission zeros in order to separate 
the passband and increase the stopband region [8-
9]. 

This paper presents the new applications of 
shunt stubs for microstrip bandpass filters design. 
Primarily, the four shunt open stubs not only can 
be utilized to miniaturize the filter but also can be 
used to design the dual-band filter. Furthermore, 
the approach of the shunt short stubs is presented 
to suppress the harmonic and the harmonic is 
suppressed more than 10 dB. Finally, the designed 
filters with transmission zeros at finite frequencies 
give much improved selectivity. Above all, a dual-
band filter with the first passband of 2.4 GHz and 
the second passband of 5.7 GHz is designed and 
the bandwidth is 0.1 GHz and 0.25 GHz for the 
first and second passbands, respectively. The 
insertion loss is less than 1 dB and 3 dB, 
respectively, and the return loss is more than 10 
dB. The rejection between the two transmission 
bands is more than -17 dB from 2.7 GHz to 4.8 
GHz. The results of the measured and simulated 
data agree well. 

The rest of the paper is organized as follows: 
the theoretical analysis of the new dual-band filter 
with four transmission zeros by using two 
coupling half-wavelength resonators with four 
shunt open stubs is proposed in section II. The 
harmonic suppression structure with two short 
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stubs is presented in section III. In section IV, a 
microstrip filter with a dual-passband response is 
fabricated. The conclusion is given in section V. 

 
II. ANALYZING THE COUPLING OF 

ASYMMETRIC HALF-WAVELENGTH 
RESONATORS WITH TWO PARALLEL 

BRANCHES 
Figure 1 shows the configuration of the filter 

using two asymmetric half-wavelength resonators 
with four shunt open stubs. The total length of the 
resonator is l = 2l3 + l2 + l2 = λ0, where λ0 is the 
guided wavelength at the fundamental resonance. 
The l4 connected to the resonator is the shunt open 
stub. The coupling between the two open ends of 
the resonators is simply expressed by the gap 
capacitance CS [10-11]. 

 

 
Fig. 1. Configuration of the filter using two 
asymmetric half-wavelength resonators with four 
shunt open stubs. 

 
As shown in Fig. 1, the whole circuit 

represents a shunt circuit, which consists of upper 
and lower sections. Each section is composed of l1, 
l2, l3, l4, and CS. The ABCD matrices for the upper 
and lower sections of the lossless shunt circuit are 

1 4 3 3 4 2C
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A B
M M M M M M M

C D
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 
,   (1a)            
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 
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Where β is the propagation constant, Z0 is the 

characteristic impedance of the resonator, ω is the 
angular frequency and Y0 = 1/Z0. The Y-parameters 
for this circuit can be obtained by adding the upper 
and the lower section of the Y-parameters, which 
follow from equations (1a) and (1b), respectively. 
When the load is matching, S21 of the circuit can 
then be calculated from the total Y-parameters. 
Furthermore, the transmission zeros can be found 
by letting S21 = 0. For a small CS, an approximate 
equation can be obtained as, 

 

2 3 1 3 2 3

1 3 4 1 3 2 3

2 2
4 1 2 3 4

cos ( ) cos ( ) cos ( )

sin cos tan cos ( ) sin cos
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l l l l l l
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    

   



          

(2) 
 

In generally, we assume l1<λ0/4, l2<λ0/4, 
l3<λ0/4, l4<λ0/4, where λ0 is the guided wavelength 
at fundamental resonance. Thus, we can obtain 
sinβl1cosβl3tanβl4 > 0 and sinβl2cosβl3tanβl4 > 0. In 
addition, we assume sinβl1cosβl3tanβl4 < 1 and 
sinβl2cosβl3tanβl4 < 1. The four transmission zeros, 
f1,  f2 , f3, and f4, can be obtained as, 
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Where εeff is the effective dielectric constant, n 
is the mode number, and c is the speed of light in 
free space. According to [12], the two transmission 
zeros, f1′ and f2′, in the case of without the stub-
loaded resonator, can be written as, 
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1

1 34( ) eff

c n
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l l 
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
 ,                     (5a) 

2

2 34( ) eff

c n
f =

l l 
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
.                     (5b) 

 

Comparing equations (3), (4), and (5), the 
extra passband can be obtained by the shunt open 
stubs. For the first passband, the center frequency 
fcentre can be obtained as, 

1 2

2
center

f f
f


  . 

According to equation (5), the center 
frequency f′centre, in the case of without the shunt 
open stubs, can be written as, 

1 2

2
center

f f
f

 
  . 

Obviously,  

center center
f f  . 

From the above analysis, the center frequency 
of the filter can be shifted to a low frequency by 
shunt open stubs. Therefore, the shunt open stubs 
can be used to implement the miniaturization of 
the half-wavelength resonators filter. However, the 
method will lead to reduced bandwidth after 
miniaturization. In the asymmetric half-
wavelength resonators structure, the reduced 
bandwidth can be compensated to increase the 
distance of the two transmission zeros on the two 
side of the passband. 

 
III. THE SUPPRESSION OF THE 

SECOND HARMONIC OF THE FIRST 
PASSBAND 

The dual-band bandpass filter is designed with 
the first passband 2.4 GHz and the second 
passband 5.7 GHz, however, the second passband 
suffered from the effect of the second harmonic of 
the fundamental passband. To suppress the second 
harmonic of the fundamental passband, the shunt 
short stubs, as shown in Fig. 2, are designed. The 
harmonic suppression method of the shunt open 
stub is reported in [13], but the method of the 
shunt short stub can work more effective for a 
dual-band filter with the second passband of 5.7 
GHz. 

As shown in Fig. 2, there is a shunt short stub 
in the center of each half-wavelength resonator. 

The shunt short stub can make the second resonant 
frequency of the resonators deviated 2 f0, where f0 
is the fundamental resonant frequency. Similar to 
[13], assuming R = f1/f0, where f1 is the second 
resonant frequency and R is the ratio of the second 
resonant frequency and the fundamental 
frequency. 

 

2
2

r
stanR tanR

   ,                  (6) 

 

where θr is the electrical lengths of the resonant 
and θs is the electrical lengths of the shunt short 
stub. 

Equation (6) presents the relationship between 
the length of the shunt short stub and the second 
harmonic frequency. And the resonators with 
different second resonant frequency can make the 
harmonic suppression more effective [13]. The 
responses of the filter with and without the 
harmonic suppression structure are showed in Fig. 
3. The second harmonic of the fundamental 
passband is suppressed more than 10 dB, as shown 
in Fig. 3 (b). 

 

 

1 2

 
 
Fig. 2. The asymmetric half-wavelength resonators 
with shunt short stubs structure. 

 
 

 
 

(a) 
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(b) 
 

Fig. 3. The responses of the filter shown in Fig. 2 
for, (a) the responses of the first passband and (b) 
the responses of the second harmonic. 
 
 

IV. DUAL-BAND MICROSTRIP 
BANDPASS FILTER WITH FOUR 

TRANSMISSION ZEROS 
Based on the theories presented above, a dual-

band bandpass filter is designed with the first 
passband of 2.4 GHz and the second passband of 
5.7 GHz. The Agilent technologies’ Advanced 
Design System (ADS) is used for design and 
optimizing the filter and the commercial TLX 
dielectric substrate with a relative dielectric 
constant of 2.45 and a thickness of 0.79 mm is 
chosen for the filter design. The physical 
dimensions of the filter and its photograph are 
shown in Fig. 4. 

The S-parameter simulation and measurement 
results for this filter are shown in Fig. 5. It can be 
seen that the first passband with center frequency 
of 2.45 GHz has less than 1dB insertion loss and 
greater than 10 dB return loss. The second 
passband with center frequency of 5.7 GHz has 
less than 3 dB insertion loss and greater than 10 
dB return loss. The bandwidth is 0.1 GHz and 0.25 
GHz for the first and second passbands, 
respectively. In addition, the better cutoff rate in 
the stopband is provided by four transmission 
zeros. 

 
 

Fig. 4. The photograph of the proposed filter. 
 

 
 

Fig. 5. The responses of the dual-band filter. 
 

V. CONCLUSION 
A theory of creating four transmission zeros is 

proposed by two coupling half-wavelength 
resonators with four shunt open stubs. Then, in 
order to suppress the harmonic, the approach of 
the shunt short stub is presented and the harmonic 
is suppressed more than 10 dB. Finally, based on 
the method presented above, a dual-band filter 
with the first passband of 2.4 GHz and the second 
passband of 5.7 GHz is designed and the 
bandwidth is 0.1 GHz and 0.25 GHz for the first 
and second passbands, respectively. The insertion 
loss is less than 1 dB and 3 dB, respectively, and 
the return loss is more than 10 dB. In addition, the 
designed filters with transmission zeros at finite 
frequencies give much improved selectivity. The 
rejection between two transmission bands is more 
than -17 dB from 2.7 GHz to 4.8 GHz. 
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Abstract ─ In this paper, a compact stop-band 
microstrip filter based on a new complementary 
split triangle resonator (CSTRs) is presented. 
We first describe the structure of the resonator 
and present its characteristics, which are 
essentially a simultaneous negative-ε and 
negative-µ. Then, we apply the complementary 
of this structure on a microstrip device. The 
result gives stop-band filter with high rejection 
band around the resonance frequency of the 
CSTRs (3.2GHz). The substrate used is the FR4. 
 
Index Terms ─ Metamaterial, split triangle 
resonators, and stop-band filter. 
 

I. INTRODUCTION 
Recently, there has been an extensive research 

effort within the electromagnetic community to 
develop and use novel metamaterials. Among 
these materials electromagnetic bandgap (EBG) 
structures, a simultaneous negative µ and ε with 
left-handed (LH) media have received much 
attention in the microwave and millimeter wave 
community [1-6]. Split ring resonators (SRRs) 
proposed by Pendry et al. [1] attracted much 
attention as a canonical metamaterial structure that 
gives rise to an effective magnetic response 
without the need for magnetic materials. SRRs 
have been successfully applied to the fabrication 
of LHM. Since then, there have been large 
numbers of experimental investigations on the 
observation of this phenomenon. However, there 
are still some drawbacks such as high losses and 
limited bandwidth and anisotropic property 
preventing its further development. These issues 
prompted researchers to explore new designs such 
as omega pattern [2-4], S-type [5] or triangular 
split ring resonator and wire strip [6]. 

It is well known that the complementary of a 
planar metallic structure is obtained by replacing 
the metal parts of the original structure with 
apertures, and the apertures with metal plates [7]. 
Due to symmetry considerations, it can be 
demonstrated that if the thickness of the metal 
plate is zero, and its conductivity is infinity 
(perfect electric conductor), then the apertures 
behave as perfect magnetic conductors. In that 
case the original structure and its complementary 
are effectively dual and if the field F = (E, H) is a 
solution for the original structure, its dual F’ 
defined by, 

  







 EHHEF .,.,







 (1) 

is the solution for the complementary structure 
(rigorously speaking is the solution on one side of 
the plane, and on the other side, due to the lack of 
magnetic charges in the apertures) [8]. Many 
researchers proposed microwave structures based 
on split ring resonator and complementary split 
ring resonator with metamaterial properties [9-12]. 

In this paper, a microstrip filter based on a 
new metamaterial particle named split triangle 
resonator (STR) with simultaneous negative 
permittivity and permeability, which are essentials 
characteristics of metamaterial structures [13]. 
Then, we use complementary split triangle 
resonator (CSTRs) to design a band-stop filter in 
microstrip technology. The CSTRs will be 
implemented in microstrip technology by etching 
the triangle particles in the ground plane, just 
underneath the conductor strip. This position of 
CSTR is properly excited, this time by an electric 
field polarized in the axial direction of the triangle 
particle. In contrast to the usual λg / 2 transmission 
line resonators, CSTRs are sub-lambda structures, 
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i.e., their dimensions are electrically small at the 
resonant frequency (typically one tenth of the 
guided wavelength or less). Therefore, high level 
of miniaturization is expected by using these 
particles. 

 
II. RESONATOR DESIGN AND 

SIMULATION STUDY 
The split triangle resonator (STRs) is formed 

by two coupled conducting triangles printed on a 
dielectric slab. Assuming a particle size much 
smaller than the free space wavelength, the STR’s 
essentially behaves as a quasistatic RLC circuit 
fed by the external magnetic flux linked by the 
particle. Figure 1 (a) shows the cubic unit cell of 
the proposed structure, composed by a 0.5 mm 
thick substrate of FR4 (εr = 4.4, loss tangent of 
0.02) and a copper STR positioned on the top side 
of the substrate. The cubic cell dimension is a = 
15.4 mm. Figure 1 (b) presents the planar view of 
the top side of the unit with dimensions a = 15.4 
mm, b = 16 mm, g = 6 mm, d = 10 mm, e = 0.4 
mm, P = 0.6 mm, and m = 1 mm. S-parameters 
were determined via full-wave simulations. 
Effective medium parameters (ε, µ) were 
determined using the standard transfer matrix 
method [14, 15].  

 

(a)                                      (b) 
 

Fig. 1. Split triangle resonators (STRs), (a) 
perspective view of the unit cell and (b) planar 
view of the unit cell.  

 
Figure 2 presents the amplitude of the 

calculated S-parameters for the metamaterial 
structure, it can be seen that S11 is equal to S22, and 
S12 is equal to S21, since the structure is symmetric 
and indeed roughly matched at 3.5 GHz. 
Accordingly, using the standard retrieval method 
[14], the results for an effective refractive index, 
effective permittivity, and permeability are 
presented. 

As shown in Fig. 3, the range of the 
simultaneous negative permittivity and 
permeability starts from 3.2 GHz to 3.75 GHz. 
Moreover, Fig. 4 confirms the negative index of 
the split triangle resonator. 
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Fig. 2. S-parameters. 
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Fig. 4. Index of unit split triangle resonator. 
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III. STOP-BAND MICROSTRIP 
FILTER DESIGN BY ETCHING CSTRs 

ON THE GROUND PLANE 

A. Filter description 
Usually, in the microstrip technology, 

complementary split ring resonators are achieved 
by periodically etching capacitive gaps in the 
ground plane underneath the 50 Ω microstrip line 
[16-19]. Since ours CSTRs are excited by the 
electric field, they produce negative effective 
permittivity Re(εeff) < 0 and  negative effective 
permeability Re(µeff) < 0.  

Thus, a time varying electric field having a 
strong component in the axial direction gives rise 
to  and  effective medium. Considering this fact 
in mind, the working mechanism of the CSTRs 
based stop-band filter can be explained as follows: 
a microstrip transmission line induces electric field 
lines that originate from the central strip and 
terminate perpendicularly on the ground plane. 
Due to the presence of dielectric substrate, field 
lines are tightly concentrated just beneath the 
central conductor and the electric flux density 
reaches its strongest value in the vicinity of this 
region. Therefore, if CSTRs is etched on the 
ground plane aligned with the strip, a strong 
electric coupling with the desired polarization is 
expected. 

Figure 5 (a) (top view) and Fig. 5 (b) (bottom 
view) show the geometry of the CSTRs loaded 
microstrip on an FR4 substrate of εr = 4.4, tan  = 
0.02, and thickness = 1.5 mm. All dimensions of 
the CSTRs have been selected identical to their 
STR counterparts (Fig. 1 (b)) so that the operating 
frequency of the filter is also around 3.25 GHz. 
Figure 5 (c) presents photograph of the fabricated 
prototype using Protomat S100. 

 
B. Simulation and experimental results  

The proposed filter has been simulated and 
measured. Figures 6 (a), 6 (b), and 6 (c) show 
the simulated frequency response (S11 and S21) 
of the proposed filter with various numbers of 
CSTRs. In all cases, a deep rejection band is 
obtained around the design frequency. It is 
oblivious that the rejection characteristic 
depends on the number of SRRs used. The best 
rejection is found using two CSTRs. 

 
 

 
(a)                                (b) 

 

    
Top view                     Bottom view                 

(c) 
 

Fig. 5. (a) Top view of microstrip stop-band filter 
with CSTRs etched into the ground plane, (b) 
bottom view of proposed filter, and (c) photograph 
of the fabricated prototype. 
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Fig. 6. Results of the stop-band filter with 
CSTRs on the ground plane, (a) S11 and S21 of 
the proposed microstrip filter with 1 CSTRs, (b) 
S11 and S21 of the proposed microstrip filter with 
2 CSTRs, and (c) S11 and S21 of the proposed 
microstrip filter with 3 CSTRs. 

 
We present simulation result of all S-

parameters in Fig. 7. We observe a symmetric 
characteristic of the proposed filter. The 
comparison results are shown in Fig. 8. Very good 
agreement is obtained between simulated and 
measured results. The small discrepancies can be 
attributed to fabrication tolerances and to the 
dissipative losses not taken into account in the 
simulation. A deep rejection band is obtained 
around 3.25 GHz, with sharp cutoffs, maximum 
rejection of 30 dB, and low return losses. 
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Fig. 7. Simulated S-parameters of the proposed 
filter (S11, S22, S21, and S12). 
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Fig. 8. Comparison of measured and simulated S-
parameters (S11 and S21) for the proposed stop-
band filter in microstrip technology based on 
complementary STRs. 
 

IV. CONCLUSION 
In this paper, a new metamaterial resonator 

(STRs) with simultaneous negative-ε and 
negative-µ is presented and applied on microstrip 
stop-band filter. The compact stop-band microstrip 
filter based on CSTRs has been proposed and 
successfully tested. The measured result shows a 
good agreement with experimental measurement 
and simulation. We observed that the proposed 
device is very compact and produces very high 
rejection band around the resonance frequency of 
CSTRs.  
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