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Abstract: In this paper a detailed analysis of dipole, patch, and array antennas is carried out for 325 sampling points 
and it is experimentally validated that the equi-area method gives more accurate values of directivity, and gain as 
compared to the equi-angle method. The equi-area method uses Leopardi’s (Leopardi, 2006) algorithm to determine 
the sampling points where as equi-angle method uses equi-angle steps of 15-degrees to obtain 325 sampling points. 
It is also verified that the equi-area method is 17 to 18 times computationally efficient than the conventional equi-
angle method. 
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1. Introduction 

The antenna measurements is the one of the 
most challenging and crucial component of antenna 
engineering. Therefore an antenna engineer is 
required to have adequate understanding of the theory 
of antenna design and antenna measurements. In the 
past an extensive contribution to the literature of 
antenna measurements is given in (Kumer WH, 
Gillespie, 1978; Kraus, 1988; Yaghjian, 1986; 
Balanis, 1997). The antenna performance parameters 
like, gain, directivity, radiation and antenna 
efficiency may be calculated by analytical 
expressions as well as approximate numerical 
methods (Kraus, 1988; Balanis, 1997). The 
approximate numerical methods are used in the 
laboratory to analyze the antenna performance 
parameters. The numerical method uses a grid of 
sampling points as the measurement locations to 
gather the antenna radiation information at each 
point. Therefore the two main factors involved in the 
numerical analysis of antenna measurements are the 
sampling criterion and the type of numerical method 
used. In the past many sampling techniques were 
developed to get the grid of measurement points as 
given in (Rahmat-Samti and Cheung, 1987; Chen and 
Edwards, 1993; Lu et al., 2005; Yaccarino et al., 
1996, Wittmann et al., 1998; Wittmann et al., 2004; 
Oh et al., 2008; Laitinen, 2008).  

The accuracy of the measurements depends 
on the desired sampling technique and type of 
numerical method. Furthermore the time required to 
analyze the measured results also depends on the type 
of numerical method.  

The equi-angle sampling and the numerical 
method given in (Balanis, 1997) gives good results 

for a range of antennas but its accuracy may be 
affected for very narrow-beam antennas. This is due 
to the non-uniform distribution of the sampling points 
on the spherical surface. The simulation time for the 
equi-angle method is also affected due to the 
weighting functions involved in the far-field 
parameter (i.e. total radiation power) calculations. 

Therefore in this paper Leopardi’s algorithm 
is used as a sampling technique to obtain the 
uniformly distributed grid of sampling points. To 
analyze the antenna, a novel and computationally 
efficient method called the equi-area method is used. 

Section 2 describes the theory of antenna 
performance parameters (directivity, gain, radiation 
efficiency and antenna efficiency) of a dipole, patch 
and array antennas. The results are presented in 
section 3; Section 4 concludes the paper. 

 
2. Theory of Antenna Performance Parameters  

In this section the theory of antenna 
performance parameters, such as total radiated 
power, directivity, gain and efficiency is discussed, 
using both analytical and numerical approaches. To 
evaluate these parameters two numerical methods, 
namely, equi-angle and equi-area methods (Ullah et 
al., 2007; Ullah et al., 2008), are used for three types 
of antennas: (1) Cylindrical dipole (2) Rectangular 
patch and (3) two element array antennas. The total 
radiated power of an antenna may be calculated using 
either of the methods. i. e. 
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Where u is radiation intensity, B0 is a 
constant, L, and M=2L are the number of sampling 
points along the elevation and azimuth axis. The 
angles θi and ϕj represents the value of the ith and jth 
elevation and azimuth angles in radians respectively. 
The measurement location is defined by the pair of 
equi angle spherical coordinates (θi, ϕj) given by 
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Similarly ARi represents the beam solid angle 

of the equi-area regions and is inversely proportional 
to the total number of radiation pattern sampling 
points (N), i.e. 

N
Ri

4
         (5) 

 
The pair of spherical coordinates (θc,i, ϕc,j)  

shows the ith measurement location in the equi-area 
method. The subscript “c” reveals that the sampling 
point is the centre of these equi-area regions and is 
obtained using the Leopardi’s algorithm.  

If the direction of the main beam is not 
specified then the maximum value of directivity is 
analytically expressed in the direction of maximum 
radiation intensity (Umax) as given by 
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The total radiation intensity of an antenna is given by  
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Where, Eθ and Eϕ are the elevation and 

azimuth components of the electric field. η0 is the 
impedance of the free space (377 ohms). In theory, 
the numerical radiation intensity patterns are 
available for the dipole, patch and two-element array 
antennas (Balanis, 1997), therefore the two numerical 
methods (equi-angle and equi-area) can be used to 
find the performance parameters (such as directivity, 
gain) of these antennas: 

2.1. Cylindrical Dipole Antenna 
The cylindrical half-wavelength (7.9 cm) 

wired dipole antenna is designed for a frequency of 
1900 MHz, with quarter wavelength balloon (3.95 
cm) for impedance matching as shown in Figure 1. 
 

 
Figure 1. 1900 MHz cylindrical wire dipole antenna 

 
Numerical pattern for a dipole antenna is 

given in (Balanis, 1997); therefore the total radiated 
power by dipole can be found using the equi-area 
method: 
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2.2 Rectangular Patch Antenna 
The patch antenna (Figure 2) is designed for 

a resonance frequency of 2 GHz on a substrate of 
height 1 mm and dielectric constant 2.2 (RT duroid). 
The length and width are equal to 4.704 cm (half 
wavelength). Using the two-slot transmission line 
model of the rectangular patch antenna, the radiation 
intensity of the patch is given by: 
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Figure 2. 2 GHz rectangular patch antenna 

 
Where k0 is the wave number in free space 

and W is the width of the patch antenna. V0 is a 
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constant which depend on the thickness of the 
substrate. The total radiation power of the patch 
antenna is obtained by using the equi-area method: 
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2.3 Two-Element Array Antenna 
The normalized radiation intensity pattern of 

the two-element dipole array (Figure 3) is 
proportional to the multiplication of the squares of 
the element factor and the array factor (Gross, 2005). 
i. e.  
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Where cfk /2/2   the wave 

number, d is the spacing between the two dipole 
elements, λ is the free space wavelength. The 
resonant frequency of the single array element (i.e. 
dipole) is 1900 MHz. 

 
Figure 3. 1900 MHz Array antenna in the anechoic 

chamber 
 

Once the total radiated power is obtained, no 
matter, which numerical method is used, the 
maximum directivity of a given antenna can be 
calculated using (6). The antenna gain can be 
calculated using the formula: 
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 If we assume that there are no cable losses 

in the measurement system, then the input power is 
equal to the sum of radiation power and reflected 
power (due to mismatch), i.e. 
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Where Pr is the reflected power, Γ11 is the 

reflection coefficient of the antenna under the test 
(AUT), given by; 
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Where, S11 is the return loss of the AUT in 

dB and the factor (1- Γ11
2) is called the reflection loss 

factor. Once the gain and directivity are known, the 
radiation efficiency can be calculated using the 
relation 
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The antenna total efficiency is obtained from 

the product of radiation and reflection efficiencies: 
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3. Results  

The antenna measurements are carried out in 
the anechoic chamber and magnitude and phases of 
the elevation and azimuth component of the electric 
field are recorded. Matlab ® 7.4.0.is used to analyse 
this recorded data. The antennas are analysed using 
both equi-angle as well as equi-area methods for 325 
sampling points. The 325 sampling points are 
obtained by using 15-degrees angular steps in the 
equi-angle method. Leopardi’s algorithm is used to 
obtain the 325 sampling points in the equi-area 
method. The grid of the sampling points alone and on 
a spherical surface is shown in Figure 4. The 
antennas are analysed one by one as follows: 

The cylindrical dipole antenna is analyzed in 
the frequency range 1600-2000 MHz. The resonance 
frequency of the dipole is 1900 MHz. The antenna 
directivity and gain are obtained from the measured 
pattern using both the methods and are compared 
with those obtained via Numerical Electromagnetic 
Code (NEC) software. The NEC software uses the 
Method of Moments (MoM) to calculate the gain and 
directivity of the antenna. 

The variations in gain and directivity curves 
are approximately the same for the dipole antenna for 
both the methods as shown in Figure 5, 6, 7 and 8. It 
is worth noting that the values of directivity acquired 
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by the equi-angle method are slightly higher than that 
acquired by equi-area method except in the ranges 
1650-1740 MHz, and 1970-2000 MHz. This is due to 
the fact that the density of the equi-angle points is 
non-uniform on the spherical surface. While 
measuring the radiation pattern at certain frequency; 
regions of distinct radiation intensity are sampled by 
non-uniformly dense grid of sampling points 
contained in those regions. This non-uniformity may 
results in an increase or decrease in the directivity 
obtained by the equi-angle method w. r. t that 
obtained by equi-area method, throughout the 
frequency range. 

The deviation in directivity and gain w .r .t 
the NEC based directivity and gain are plotted in 
Figure 6 and Figure 8, and it is apparent that the equi-
area method shows better accuracy w .r .t the equi-
angle method throughout the antenna bandwidth. 

The patch antenna has a resonance 
frequency of 2000 MHz. The patch antenna 
directivity and deviation in directivity are illustrated 
in Figure 9 and Figure 10 whereas the gain and 
deviation in gain are depicted in Figure 11 and Figure 
12 respectively. In this case the measured directivity 
and gain are compared with the analytical directivity 
and gain of the patch. The deviation in directivity and 
gain w. r. t the analytical values are less for the equi-
area method as shown in Figure 10 and Figure 12.  

The directivity and deviation in directivity 
for the two-element dipole array (with d=12 cm 
separation between the elements) are illustrated in 
Figure 13, Figure 14, whereas the corresponding 
values of gain and deviation in gain are shown in 
Figure 15 and Figure 16 respectively. The array 
configuration undergoes resonance at 1900 MHz. The 
values of directivity and gain are compared with the 
values obtained from the NEC software and it is 
proved that the equi-area method gives less deviation 
throughout the frequency range. Therefore the equi-
area method is more accurate as compared to the 
equi-angle counterpart. 

The two-element array with d=20 cm 
separation between the elements is analysed and the 
results are illustrated as shown in Figs. 17-20. This 
array configuration resonates at the same frequency, 
i.e. 1900 MHz. It is observed that the deviation in 
gain and directivity for the equi-area method are less 
than that for equi-angle method. It is worth noting 
that at resonance frequency (i.e. 1900 MHz) the equi-
area method is significantly accurate. 

 
Figure 4. Grid of 325 sampling points; Equi area: (a) 

On sphere (b) Line-connected; Equi angle: (c) On 
sphere (d) Line-connected 
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Figure 5. Dipole: directivity analysis 
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Figure 6. Dipole: Deviation in directivity 
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Figure 7. Dipole: gain analysis 
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Figure 8. Dipole: Deviation in gain 
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Figure 9. Patch: directivity analysis 
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Figure 10. Patch: Deviation in directivity 
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Figure 11. Patch: gain analysis 
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Figure 12. Patch: Deviation in gain 
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Figure 13. Array (d=12 cm): directivity analysis 
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Figure 14. Array (d= 12 cm): Deviation in directivity 
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Figure 15. Array (d=12 cm) gain analysis 
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Figure 16. Array (d= 12 cm): Deviation in gain 
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Figure 17. Array (d=20 cm): directivity analysis 
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Figure 18. Array (d= 20 cm): Deviation in directivity 
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Figure 19. Array (d=20 cm): gain analysis 
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Figure 20. Array (d= 20 cm): Deviation in gain 

 
The equi-angle method is computationally 

slow as compared to equi-area method because of the 
weighting function, ‘sinθ’. This claim is verified by 
calculating the absolute number of seconds in real 
time that have elapsed in order to execute the 
equation for antenna directivity. The built-in function 
in Mathematica®7 was used to determine this 
absolute time in order to study the computational 
complexity of both methods. The two methods were 
tested for different values of sampling points N 
(Figure 21). It was found that the equi-area method is 
approximately 17 to 18 times faster than the equi-
angle method. The computation time represents the 
time spent by the CPU to execute the equation for 
directivity. This study was conducted on a ―32-bit, 
1.60 GHz, Intel Pentium Dual CPU, T2330, with a 
2.0GB of RAM”.  

 
Figure 21.  Computational complexity of equi-angle 

and equi-area methods as a function of sampling 
points 

 
4. Discussions  

In this paper the equi-area based sampling 
points were used to measure the antenna radiation 
characteristics. Three types of antennas, were 
experimentally tested, and numerically validated 
using the well-known equi-angle method and the 
novel equi-area method (based on Leopardi 
algorithm. The two methods were compared on the 
basis of degree of accuracy in gain, directivity and 
efficiency calculations, throughout the frequency 
range. It was experimentally validated that the equi-
area method gives more accurate results at the 
resonance (design) frequency for the given antennas. 
Furthermore the computational complexity of the 
equi-area method was low as compared to the equi-
angle method for a given specifications of the system 
(i.e. computer) and number of sampling points. As a 
result the equi-area method can give 17 to 18 time 
faster response than the equi-angle method, to 
analyse the far-field parameters of antennas. 
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