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Abstract 
 

Considered in this work are the radiation aspects of a radio-frequency 
wireless power transfer system. Using the halfwave dipole as a 
candidate of choice, the current distribution on the antenna is first 
evaluated and presented using the versatile electromagnetic 
numerical Method of Moment technique (MoM). Using the current 
distribution obtained from the kernel of integration, the radiation 
fields for the single dipole element was obtained. Also, the analysis is 
extended to uniformly space linear antenna arrays using broadside 
and ordinary endfire arrays as candidates of interest. The simulation 
results for the broadside and endfire arrays were presented for 5, 6, 7, 
10, 20 and 30 array elements at 0.3, 0.4 and 0.5 inter-element spacing. 
The peak directivity of broadside array occurs at 30 elements, 0.5λ 
spacing, and exceeds endfire array peak directivity by 11.27%. In 
addition to the advantage of an improved directivity achieved by the 
7-element broadside array, an improved peak sidelobe level (PSLL) 
with the lowest PSLL for 7, 20, and 30 elements broadside array 
occurring at -12.0534 dB, -12.4298 dB, -12.6642 dB, -13.2246 dB, and 
-13.2747 dB respectively. 

  
Keywords: Method of Moment, Directivity, Endfire, Broadside, 
Sidelobes 

 
1. INTRODUCTION 

Wire antennas are famous for their ubiquitous applications in 
communications systems, and most especially for the fundamental 
information it provides in understanding antenna behavior and performance. 
They have been used in different shapes and modifications to meet specific 
design needs such as directivity, gain, etc. Wireless Power Transfer systems 
are generally classified based on different parameters, such as strength of 
coupling, means of coupling, and distance of coupling. Based on coupling 
strength, WPT systems can be either loosely coupled WPT (LC-WPT) or 
strongly coupled WPT (SC-WPT); based on means of coupling, it can be 
magnetic resonant coupling [1], inductive coupling [2], capacitive coupling (C-
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WPT) [3], or microwave; and based on distance of radiation, it can be near-
field (non-radiative) or far-field (radiative) [4]. The analysis of far-field 
radiative transmission is considered in this work. Although WPT technology is 
already available commercially, most current techniques are based on the 
principle of near-field which limits the distance to few centimeters. The Qi 
standard for mobile phones wireless chargers for instance, restricts the 
distance between the charging pad and the device to 4cm [5]. The long distance 
possibility of Far-field transmission makes it more flexible and suitable option 
for power multicasting, however at a trade-off of poor transmission efficiency 
due to huge path loss. Approaches to reduce this include concentrating energy 
using laser beams or using antenna array to execute energy beamforming [6]. 

The study on wireless power transmission using antennas is as early as 
a century ago; from the description of power absorption by Reinhold 
Rudenberg in 1908 [7] to the practical demonstration of wireless power 
transmission by Nikola Tesla in 1904 [8], and his patent in 1914 where the 
configuration of the system was published [9]. However, despite the wide 
prospects of the technology [10], the progress of antenna in wireless 
communication has since overtaken the development of wireless power 
transfer (WPT) using radio waves because of the unique challenges, such as 
the difficulty in maintaining higher power transmission efficiency (PTE) over 
longer transmission distances [11]. Although far-field evanescent resonant-
coupling techniques can transmit energy at distances longer than the near-
field induction methods [12, 13], much research attention is focused on near-
field power transmission [14, 15], whose application can be found in consumer 
electronics, biomedicals, electric vehicles, etc.[16-18]. This is basically due to 
the drastic decrease in efficiency of wireless power transfer when using 
radiative method. This work considers the effect of number of element of 
linear array of dipole antenna on the directivity for Far-field WPT application 
[2].  Based on the coupled mode theory, the efficiency of power transmission 
using two dielectric disks and capacitivelyloaded wire loops were investigated 
to determine the coefficient of coupling. Other methods such as multistage 
filter theory and conventional circuit theory have also been used to 
demonstrate wireless power transfer systems [19, 20]. In [11], the 
characterization of two types of antennas – dipole and loop antennas were 
conducted to investigate wireless power transmission by near-field coupling. 
Using dipole as the transmitting antenna, and the loop antenna as the receiving 
antenna, the procedure demonstrated the influence of impedance matching 
and ohmic losses in the wireless power transmission system. Also, a numerical 
method based on the Method of Moments (MoM) was used by Poon [4] to 
determine the efficiency between two loops using self- and mutual- 
admittances. It was shown that the transfer efficiency of a given loop radius is 
maximized at a particular frequency, and as the radius of the loop increases, 
the frequency decreases. 
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2. RELATED WORKS 
In an earlier work, the analysis of dipoles and array of dipoles was 

considered [1, 5]. This work extends the analysis to application of dipole array 
in wireless power transfer system. Although dipoles are used in this work, the 
principle is applicable to other antenna types such as loop antenna, horn 
antenna etc. However, the dipole antenna is considered due to its simplicity, 
versatility and fundamental role it plays in understanding other antennas [6]. 
Recent Progress in WPT research is helping in the realization and development 
of alternative systems for powering battery-reliant devices, hence addressing 
the bottlenecks and issues related to the use of batteries. Some of the 
outstanding benefits of the WPT system include improving portability and 
user-friendliness of devices by eliminating wires; enhancing design flexibility 
as devices can now be developed without the environmental constraints as in 
the case of medical implantation and underwater witricity. In order to achieve 
a stable and functional WPT system for robots, analysis of the WPT coupling 
mechanism, coupling coils and compensation topology was carried out using 
simulations [21]. Also, other means of enhancing coupling performance were 
examined, this includes Multi-layer coil structure. By using circuit theory, a 
modelling method based on mutual inductance theory, an accurate modelling 
of various components of the system is obtained to solve parameters [18, 22-
24]. Towards enhancing the distance and efficiency of transmission, antenna 
arrays have been adopted due to their efficiency in terms of high directivity, 
high gain, adaptive beam steering and beamforming [25-30]. The antenna 
directivity increases with increasing number of array elements, with higher 
sidelobe level as a drawback [27]. By generating narrower beamwidths, 
transmission loss due to sidelobes bac propagation reduces because the 
energy is focused at a lower collection region [29]. The design of the desired 
beam-width is done by several methods, including determining the excitation 
currents of the transmitting antennas using efficient and effective algorithms 
such as biogeography-based optimization [29], mayfly algorithm [27] as well 
as other evolution optimization algorithms [27]. Flat-topped beams were 
designed using Woodward Lawson method, and applied for microwave power 
application at volcanoes [30]. Using brain storm algorithm, the optimization of 
beam collection efficiency was performed with consideration of constraints 
such as number of array elements, aperture and minimum array spacing [26]. 
 
3. ORIGINALITY 

In this work, an analysis on the current distribution on the single element 
dipole antenna is first examined, using Method of Moment, and afterwards 
examines the radiation directivity and sidelobe levels of broadside and endfire 
arrays of dipole antenna. The Method of Moment is a full-wave and rigorous 
numerical technique that is used for solving electromagnetic problems with 
open boundaries such as antenna radiation. The mathematical foundations of 
the MoM were introduced in 1967 by Roger Harrington in Matrix Methods for 
Field Problems [1]. The MoM treatment of a wire antenna involves the 
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determination of the current distribution on the wire, and using this to 
calculate the antenna’s radiation characteristics and field impedances. First, 
the Electric field Integral Equation (EFIE) is developed from Maxwell’s Integral 
Equations, to obtain the Pocklington EFIE or Hallen EFIE. Applying MoM to the 
EFIE involves .In the next section, the system equations for the current 
distribution on a single element dipole antenna are first presented, using MoM; 
as well as the radiatied fields and system radiation parameters. Next, the 
system equations are computed using Matlab and the results are presented 
and analysed where the impact of array spacing and number of antenna 
elements on directivity and sidelobes level are examined and on end-fire and 
broadside arrays. 
 
4. SYSTEM DESIGN 

The analytical formulation of the characteristic equations of the system 
starts with the determination of the current distribution on a single element 
dipole antenna and the determination of the radiated field. 
4.1 Current Distribution 

Consider a dipole antenna centered at the origin and running along the 
z-axis as shown in figure 1. 

 
Figure 1. Z-polarized dipole antenna 

The standing wave distribution on the wire antenna is sometimes assumed 
using the sinusoidal approximation, based on the assumption that the current 
vanishes at the end of the distribution.  

𝐼(𝑧′) = �̑�𝑧𝐼0 𝑠𝑖𝑛 [
𝑘𝑙

2
− 𝑘𝑧′] for −

𝑙

2
≤ 𝑧′ ≤

𝑙

2
 (1) 

Where 𝐼(𝑧′)  denotes the standing wave current along the z-oriented 
dipole antenna of length l. Although the sinusoidal approximation is ideal for 
filamentary wires, the current of wires in reality does not follow an exact 
sinusoidal distribution due to the non-zero radius of wire and finite gap 
spacing at the terminal [31]. Consider the dipole antenna given in Figure 1 as 
a Perfect Electric Conductor (PEC) with center excitation of 1V. This leads to 
the formation of a Standing Wave Voltage Ratio (VSWR) and current 
distribution around the geometry of the wire. 
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Figure 2. Perfect Electric Conductor Dipole fed with excitation voltage through a 

small air gap, d 

 
To determine the current distribution using the method of moment, the 

Electric Field Integral Equation (EFIE) for the antenna is first formulated in 
terms of the unknown current. Starting with the point form of Maxwell’s 
equations. 

 (2) 

 (3) 

 (4) 

 (5) 

Where �̄�, �̄�, �̄� , �̄�  refers to electric and magnetic field intensities, magnetic 
induction, electric displacement; and �̄�, 𝐽  are volume charge density and 
electric current density. From Gauss-Maxwell’s equation for the divergence of 
magnetic flux, the magnetic vector potential is obtained using vector identities 
as 

𝛻 ⋅ �̄� = 𝛻 ⋅ (𝜇�̄�) = 𝛻 ⋅ (𝛻 × �̄�) = 0 (6) 

The wave equation describing the electromagnetic interactions on the 
antenna and around the antenna is derived from the Ampere-Maxwell 
equation, (2), 

𝛻 × (𝛻 × �̄�) = 𝜇𝐽 + 𝑗𝜇𝜔𝜀�̄� (7) 

By vector identities of magnetic vector potential, �̄� 

𝛻(𝛻 ⋅ �̄�) − 𝛻2�̄� = 𝜇𝐽 + 𝑗𝜇𝜔𝜀�̄� (8) 

𝛻(𝛻 ⋅ �̄�) − 𝛻2�̄� − 𝑗𝜇𝜔𝜀�̄� = 𝜇𝐽 (9) 

Where 𝜇, 𝜀 are permittivity and permeability. From Faraday-Maxwell’s equation, (2) 

𝛻 × �̄� = −𝑗𝜔𝜇�̄� = −(𝛻 × 𝑗𝜔�̄�) (10) 

H J j E = +

E j H = −

0B =

vD   =
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𝛻 × �̄� + (𝛻 × 𝑗𝜔�̄�) = 0 (11) 

𝛻 × (�̄� + 𝑗𝜔�̄�) = 0 (12) 

By vectors identities, the gradient of the scalar field (𝛻𝜙) can be fixed as (13) 

�̄� + 𝑗𝜔�̄� = −𝛻𝜙 (13) 

�̄� = −(𝛻𝜙 + 𝑗𝜔�̄�) (14) 

The divergence of vector potential can also be fixed to the gauge 

𝛻 ⋅ �̄� = −𝑗𝜔𝜇𝜀𝜙 (15) 

Using (14) and (15) in Equation (9), 

𝛻2�̄� − 𝑗𝜇𝜔𝜀(𝛻𝜙 + 𝑗𝜔�̄�) − 𝛻(𝛻 ⋅ �̄�) = −𝜇𝐽 (16) 

𝛻2�̄� + 𝜔2𝜇𝜀�̄� − 𝛻(𝑗𝜔𝜇𝜀𝜙𝛻 ⋅ �̄�) = −𝜇𝐽 (17) 

Applying the lorentz gauge condition, the wave equation for the 
electromagnetic interactions on the antenna can be presented as 

𝛻2�̄� + 𝜔2𝜇𝜀�̄� = −𝜇𝐽 (18) 

 

a) Thin Wire Approximation (a<<L) 
For the z-oriented dipole antenna presented in Figure 2, the current 

density is restricted to the surface of the Perfect Electric Conducting (PEC) 
wire, and aligned in the direction of orientation, J(0,0,z), such that (18) can be 
expressed as, 

𝛻2�̄�𝑧 + 𝜔2𝜇𝜀�̄�𝑧 = −𝜇𝐽𝑧 (19) 

Where the current density, 𝐽𝑧 and current distribution, 𝐼(𝑧) are related by 

𝐽𝑧 =
𝐼(𝑧)

2𝜋𝑎
 (20) 

 

b) Far-field Approximations 
At far-field, the current density decays to zero, such that  
 

𝛻2�̄�𝑧 + 𝜔2𝜇𝜀�̄�𝑧 = 0 (21) 

And the solution is approximated as the Green’s Function, 𝐺(𝑧, 𝑧′), given by, 

𝐺(𝑧, 𝑧′) =
𝑒−𝑗𝑘𝑅

4𝜋𝑅
 (22) 

To obtain the current density in the near-field of the antenna, entire 
volume space of the antenna is integrated using the Green’s function, such that 
the integration kernel is zero everywhere except at the region of interest, 
where J ≠ 0 

∭ 𝜇𝐽[𝐺(𝑧, 𝑧′)]𝑑𝑣 = {
𝐴𝑣(𝐽𝑧 ≠ 0)

0  (𝐽𝑧 = 0)𝑣
 (23) 

By substituting (20) and (22), Equation (23) can be expressed as, 
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𝐴𝑧(𝜌, 𝜙, 𝑧) = ∭ 𝜇
𝐼(𝑧)

2𝜋𝑎

𝑒−𝑗𝑘𝑅

𝑅
𝑑𝑣

𝑣
 (24) 

Based on the thin wire approximation, the distance R is given by, 
 

𝑅 = √(𝑧 − 𝑧′)2 + (𝜌 − 𝜌′)2 (25) 

𝑅 = √(𝑧 − 𝑧′)2 + 𝜌2 + 𝑎2 − 2𝜌𝑎 𝑐𝑜𝑠(𝜙 − 𝜙′) (26) 

𝑙𝑖𝑚
𝑎→0

𝑅 = √(𝑧 − 𝑧′)2 + 𝜌2 (27) 

Hence, Equation (24) can be expressed as,  

𝐴𝑧(𝜌, 𝑧) = 𝜇 ∫ 𝐼(𝑧)
𝑒−𝑗𝑘𝑅

4𝜋𝑅

𝐿

2
−𝐿

2

𝑑𝑧′ (28) 

 
c) Enforcing the boundary Conditions (Etan =0) 

The equivalent electric field on the dipole on Figure 3 can be expressed 
in terms of Equation (14), as, 

�̄�𝑧 = −(𝛻𝜙 + 𝑗𝜔�̄�𝑧) (29) 

Substituting the Equation (15) for the static field, 

�̄�𝑧 = −(𝛻 (
𝛻⋅𝑗�̄�

𝜔𝜇𝜀
) + 𝑗𝜔�̄�𝑧) (30) 

�̄�𝑧 = −(
𝑗

𝜔𝜇𝜀

𝜕2�̄�𝑧

𝜕𝑧2 + 𝑗𝜔�̄�𝑧) (31) 

�̄�𝑧 = −
𝑗

𝜔𝜇𝜀
(

𝜕2

𝜕𝑧2 + 𝜔2𝜇𝜔𝜀) �̄�𝑧 (32) 

At the boundary of the PEC, the total sum of the electric fields (comprising of 
the scattered field, 𝐸𝑧

𝑟𝑎𝑑 and the incidence field,𝐸𝑧
𝑖𝑛𝑐) is zero; 

𝐸𝑧
𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑧

𝑖𝑛𝑐 + 𝐸𝑧
𝑟𝑎𝑑 = 0 (33) 

𝐸𝑧
𝑖𝑛𝑐 = −𝐸𝑧

𝑟𝑎𝑑  (34) 

Where 𝐸𝑧
𝑖𝑛𝑐is the incident electric field striking the PEC and inducing a current 

density (receiving antenna); while 𝐸𝑧
𝑟𝑎𝑑 is the radiated electric field scattered 

by the applied excitation on the antenna. Applying Equations (34) and (28) on 
Equations (32) yields the Electric Field Integral Equation, 

�̄�𝑟𝑎𝑑
𝑧 =

𝑗

𝜔𝜇𝜀
(

𝜕2

𝜕𝑧2 + 𝜔2𝜇𝜔𝜀) �̄�𝑧 (35) 

�̄�𝑟𝑎𝑑
𝑧 =

𝑗

𝜔𝜇𝜀
(

𝜕2

𝜕𝑧2 + 𝑘2)∫ 𝐼(𝑧)
𝑒−𝑗𝑘𝑅

4𝜋𝑅

𝐿

2
−𝐿

2

𝑑𝑧′ (36) 

−𝑗𝜔𝜇𝜀�̄�𝑟𝑎𝑑
𝑧 = (

𝜕2

𝜕𝑧2 + 𝑘2) ∫ 𝐼(𝑧)
𝑒−𝑗𝑘𝑅

4𝜋𝑅

𝐿

2
−𝐿

2

𝑑𝑧′ (37) 

Equation (36) is known as the Hallen’s Electric Field Integral Equation; it 
depicts the scattered electric field at an observation point away from the 
antenna as a function of the unknown current distribution. 
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d) MoM Treatment 
To determine the unknown current using method of moment, the EFIE in 

(36) is related to a linear operator equation, such that the linear operator 
𝐿{𝐹} is the RHS of (36), the response function 𝑔  is the unknown current 
distribution and the output is the applied excitation; 

𝐿{𝐹} = 𝑔 (38) 

𝐿{𝐼(𝑧′)} = −𝑗𝜔𝜀�̄�𝑟𝑎𝑑
𝑧 (39) 

The geometry of the wire is discretized into n meshes as shown in Figure 3,  

 
Figure 3. Discretization of dipole antenna geometry into N-meshes for MoM 

treatment 

The sum of the contributions 𝐼𝑛𝑓𝑛(𝑧′) from each mesh adds up to the total 
current distribution, 𝐼(𝑧′), 

𝐼(𝑧′) = 𝐼1𝑓1(𝑧′) + 𝐼2𝑓2(𝑧′) + 𝐼3𝑓3(𝑧′)+. . . +𝐼𝑁𝑓𝑁(𝑧′) = ∑ 𝐼𝑛𝑓𝑛(𝑧′)𝑁
𝑛=1  (40) 

Expressing Equation (39) in (38), 
 

𝐿{∑ 𝐼𝑛𝑓𝑛(𝑧′)𝑁
𝑛=1 } = −𝑗𝜔𝜀�̄�𝑟𝑎𝑑

𝑧 (41) 

For effective matching, both sides are tested with a basis function, and 
expanded using inner product, 

⟨𝑣𝑚, 𝐿{∑ 𝐼𝑛𝑓𝑛(𝑧′)𝑁
𝑛=1 }⟩ = ⟨𝑣𝑚 , −𝑗𝜔𝜀�̄�𝑟𝑎𝑑

𝑧⟩ (42) 

∑ 𝐼𝑛
𝑁
𝑛=1 ⟨𝑣𝑚, 𝐿{𝑓𝑛(𝑧′)}⟩ = ⟨𝑣𝑚 , −𝑗𝜔𝜀�̄�𝑟𝑎𝑑

𝑧⟩ (43) 

The equivalent matrix of (41) can be presented as, 

[
 
 
 
⟨𝑣1, 𝐿{𝑓1}⟩ ⟨𝑣1, 𝐿{𝑓2}⟩

⟨𝑣2, 𝐿{𝑓1}⟩ ⟨𝑣2, 𝐿{𝑓2}⟩

⋱
⟨𝑣𝑚 , 𝐿{𝑓1}⟩]

 
 
 

[

𝐼1
𝐼2
⋮

𝐼𝑚

] = [

𝑔1

𝑔2

⋮
𝑔𝑚

] (44) 

If the pulse function is used as basis function, such that 

𝑣𝑚 = {
1(𝑧′𝑛−1 ≤ 𝑧′ ≤ 𝑧′𝑛)

0(elsewhere)
 (45) 

Such that (43) can be expanded in terms of the EFIE as, 

∑ 𝐼𝑛
𝑁
𝑛=1 ⟨𝑣𝑚, ∫ 𝑓𝑛(𝑧′) (

𝜕2

𝜕𝑧2 + 𝑘2)
𝑒−𝑗𝑘𝑅

4𝜋𝑅
𝑑𝑧′

𝑓𝑛
⟩ = −𝑗𝜔𝜀⟨𝑣𝑚, �̄�𝑟𝑎𝑑

𝑧⟩ (46) 
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Equation (43) and the matrix in (44) can be related using, 

[𝑍𝑚𝑛][𝐼𝑛] = [𝑔𝑚] (47) 

Where the impedance matrix is given by, 

𝑧𝑚𝑛 = ∫ 𝑣𝑚𝑣𝑚
∫ 𝑓𝑛(𝑧′) (

𝜕2

𝜕𝑧2 + 𝑘2)
𝑒−𝑗𝑘𝑅

4𝜋𝑅
𝑑𝑧′

𝑓𝑛
 (48) 

𝑔𝑚 = −𝑗𝜔𝜀 ∫ 𝑣𝑚�̄�𝑟𝑎𝑑
𝑧𝑑𝑧

𝑣𝑚
 (49) 

[𝐼𝑛] = [𝑍𝑚𝑛]−1[𝑔𝑚] (50) 

The impedance matrix is computed and the current distribution, is 
determined. The Matlab antenna toolbox is used for the computation. 

 
4.2 Radiated Fields 

Expressing the E-field and H-field in terms of the magnetic vector 
potential [32]. Where the spherical component of the magnetic vector 
potential can be expressed using coordinate matrix transformation as, 

𝐴𝑧 = [

𝐴𝜃

𝐴𝑟

𝐴𝑧

] = [
𝐴𝑧 𝑐𝑜𝑠 𝜃
−𝐴𝑧 𝑠𝑖𝑛 𝜃

0

] (51) 

And  

𝐸𝜃 = −𝑗𝜔𝐴𝜃 

𝐻𝜑 =
𝐸𝜃

𝜂
=

−𝑗𝜔𝐴𝜃

𝜂
 (52) 

Hence, 

𝐸𝜃 =
𝑗𝜔𝜇

4𝜋
∫ 𝐼(𝑧′)

𝑒−𝑗𝑘𝑅

𝑅
𝑑𝑧′

𝑙

2
−𝑙

2

 (53) 

4.3 Array Design 
For a uniform set of N-element antenna, the total field radiated by the 

antenna array is expressed as a product of the field of a singular element and 
the array factor. The total field radiated by an N-element uniform linear array 
can be expressed in a form given as, 

𝐸𝑡(𝜃) = [[𝐹𝑖𝑒𝑙𝑑 𝑜𝑓𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑒𝑙𝑒𝑚𝑒𝑛𝑡] × [𝐴𝑟𝑟𝑎𝑦𝑓𝑎𝑐𝑡𝑜𝑟]] (54) 

While the first term is a function of the individual element, the second term is 
a function of the number of elements, geometrical arrangement, relative 
magnitudes, relative phases as well as inter-element spacings. Examples of 
array arrangements include as Chebychev, Broadside, Circular, etc. The array 
factor (AF) considered in this work is the uniform linear array, given by, 

𝐴𝐹(𝜃) = 1 + 𝑒𝑗(𝑘𝑑 𝑐𝑜𝑠 𝜃+𝛽) + 𝑒𝑗2(𝑘𝑑 𝑐𝑜𝑠 𝜃+𝛽)+. . . +𝑒𝑗(𝑁−1)(𝑘𝑑 𝑐𝑜𝑠 𝜃+𝛽) (55) 

Which can also be expressed in terms of 𝜓 = 𝑘𝑑 𝑐𝑜𝑠 𝜃 + 𝛽, as 

𝐴𝐹(𝜓) = ∑ 𝑒𝑗(𝑛 −1)𝜓𝑁
𝑛=1  (56) 

And the normalized form is given by, 
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(𝐴𝐹)𝑛 = [
𝑠𝑖𝑛(

𝑁

2
𝜓)

𝑁(
𝜓

2
)

] (57) 

Where N is the number of Array elements; k is the wave vector and d is the 
uniform interelement spacing. The peak sidelobe level (PSLL) of the antenna 

array is estimated from the Array factor and is given as [27]: ( )SR

n SLSLL AF =  

s.t.    1 2
max 0, ,

SR

PSL SR SR
                                                 (58) 

𝜃𝑃𝑆𝐿
𝑆𝑅 ∈ 𝑚𝑎𝑥[0, 𝜃𝑆𝑅1] ∪ [𝜃𝑆𝑅1, 𝜋] (59) 

Where 𝜃𝑆𝐿
𝑆𝑅  is the PSLL angle .[0, 𝜃𝑆𝑅1] and [0, 𝜃𝑆𝑅2] are the regions of the sidelobes 

respectively from which the peak SLL is determined. 

 

Figure 4. Uniform Linearly spaced Array  

a) Broadside Array 
When the array design requires the maximum of the radiation pattern at 

broadside direction, i.e 𝜃𝑚𝑎𝑥, the broadside array design is deployed. Since, 

𝑙𝑖𝑚
𝜓→0

𝑠𝑖𝑛 𝜓

𝜓
= 1 (60) 

The maximum occurs when 𝜓 = 0. Hence, 

𝜓 = 0 = 𝑘𝑑 𝑐𝑜𝑠 𝜃 + 𝛽|𝜃=0
𝛽=0

 (61) 

b) Ordinary End-fire Array 
When the array design requires the maximum of the radiation pattern 

at  𝜃𝑚𝑎𝑥 , the end-fire array design is deployed. To satisfy equation (59), the 
condition for maximum at 00 is, 

𝜓(0) = 𝑘𝑑 + 𝛽 = 0 
𝛽 = −𝑘𝑑 (62) 

And the condition for maximum at angle 1800 is, 

𝜓(180) = −𝑘𝑑 + 𝛽 = 0 
𝛽 = 𝑘𝑑 (63) 
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5. Results and Discussion 
The results of the methods and models presented in the last section are displayed 
and discussed here with the help of rectangular and polar plots using Matlab. 
First, the current distribution and the field radiated by a single element are 
presented and subsequently extended to the array of 5, 6, 7 elements. 
 

5.1 Current Distribution and E-field of single Element 
The current distribution along the geometry of the half-wave dipole antenna 
as well as the elevation and azimuth plot of the electric field is presented here. 
In Figure 5a, the plots of the current distribution obtained using Hallen’s 
Integral and that of the assumed sinusoidal current distribution are plotted. 
The moment method technique employed in this work is adapted from the 
electromagnetic toolbox [32]. This is presented in comparison with the general 
approximate sinusoidal current distribution in Figure 5a. Figures 5b and 5c 
present the elevation and azimuthal plane of the Electric field radiated by the 
dipole antenna.  
From Figure 5a, it is seen that the current distribution vanishes at the ends of 
the wire, while it peaks at the middle of the wire and there is good agreement 
between the current distribution obtained numerically (MoM) and the one 
obtained from the sinusoidal current distribution. The arc shape of the current 
distribution is in agreement with the typical pattern of the standing wave on a 
dipole at half-wavelength [31, 33, 34], which is the efficient electrical length 
for transmission and the reason for which it is recommended for resonant 
radiative transmission. Also, the radiation pattern in Figure 5b is consistent 
with the expected doughnut shape with directivity of 1.5 [31].  
 

 

Figure 5. Half-wave dipole (a) Current Distribution Hallen EFIE vs Sinusoidal (b) 
Electric Field Elevation plane (c) Electric Field Azimuthal plane 
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5.2 Radiation Pattern of Arrays (N = 5, 6, 7 and 10, 20, 30 Elements)  

 

Figure 6. Broadside Array of Dipole Antennas at varying inter-element distances for 
(a) 5 elements (b) 6 elements (c) 7 elements 

 

Figure 7. Broadside Array of Dipole Antennas at varying inter-element distances for 
(a) 5 elements (b) 6 elements (c) 7 elements 

As depicted in Figures 6 and 7, the radiation pattern of the broadside array, in 
addition to having maximums at 900 and 2700, also have increase in directivity 
as the number of elements increases with a trade-off of increase in side-lobes 
which is consistent with expectations [31, 32]. This implies the system 
produces minimum sidelobes when the array element is less than 5, with a 
drawback of lesser directivity; and higher directivity when the array is above 
30 but with a drawback of higher sidelobes. Hence, the band of the number of 
array elements is limited to N = 5, 6, 7 and N = 10, 20, 30 to avoid redundant 
duplication of existing literature [27, 34, 35]. Also, this range is sufficient in 
showing the potential of linear array of dipole for WPT applications, which is 
the scope of this investigation. At an inter-element spacing of 0.5λ, a split is 
experienced in the side-lobes as the number of elements is increased to 6; at 
0.4λ, this initial side-lobe splitting is experienced as the number of elements is 
increased to 7. Figures 8 and 9 depict the radiation pattern of the endfire 
showing the maximums occur at 00 and 1800 as expected [27, 34, 35]. 
However, an interesting disparity is observed between 0.5λ inter-element 
spacing and the other two considered. First, the 1800 main lobe does not exist 
for the 0.3λ and 0.4λ spacing; the mainlobe appears to be replaced by a 
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suppressed and splitted side-lobe. While the mainlobe for 0.5λ exists at 00 and 
1800, the projection of the unnormalized radiation pattern appears in the 
opposite region.  

 

Figure 8. Endfire Array of Dipole Antennas at varying inter-element distances 

 

Figure 9. Endfire Array of Dipole Antennas at varying inter-element distances 

5.3 Directivity of Arrays (N = 5, 6, 7 and 10, 20, 30 Elements)  
In Figures 10a, 10b, 10c and 10d, the plot of the directivity against the 

inter-element spacing is presented for the test number of elements for 
broadside and end-fire array respectively. Figures 10a and 10b shows that the 
directivity of the broadside array increases with increasing number of 
elements for both the Array Factor and total element, which is also consistent 
with expectation [31, 32]. The disparity between the directivity of broadside 
and endfire accrues to the steering of the mainlobe of endfire from the 
direction of the mainlobe of antenna hence resulting in split [31, 32]. 
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Figure 10.  Directivity of Endfire Array for AF and Total Field 

5.4 Sidelobe Levels 
For the broadside array the lowest PSLL is achieved when the distance 

between each element is 0.5𝜆, as shown in Table 1. The lowest PSLL for 5, 6, 7, 
20 and 30 elements broadside array at a uniform inter-element distance of 
0.5𝜆 are -12.0534 dB, -12.4298 dB,  -12.6642 dB, -13.2246 dB, and -13.2747 
dB respectively. For 10-element, the minimum PSLL was gotten at the inter-
element spacing of 0.4𝜆. In addition to the advantage of an improved 
directivity achieved by the 30 elements broadside array is also a lower PSLL. 
The design of 10, 16, 20 and 32 elements uniform linear broadside array at 
equidistance of 0.5𝜆 carried out by Owoola et al. gave a peak SLL of 
approximately -12.97 dB, -13.15 dB, -13.22 dB, and -13.25 dB, respectively 
[27]. Saxena & Kothari, likewise obtain the same result for 10 and 16 element 
broadside array [36]. This also proves that as the element number increases 
the peak SLL may reduce, though with an increase in the number of sidelobes. 
Typically, as the number of antenna elements increases, so does the directivity 
and gain [37]. It can be seen in Fig. 11 to Fig. 13 that the mainlobe becomes 
narrower as the number of elements increases, which show that the array is 
more directive. For the end-fire array, the lowest PSLL of -12.4317 dB, -
12.6569 dB, and -13.2297 dB were obtained by 6, 7 and 30 elements 
respectively at the distance 0.3 𝜆. The 5-element, 10-element, and 20-element 
end-fire arrays have their lowest peak SLL at 0.5 𝜆 inter-element spacing. At 
0.5 𝜆, end-fire radiation exists concurrently in the direction of 00 and 1800 
which agrees with the discovery of Balanis [31] and seen in Figs.13 and 14. 
Therefore, to obtain only one end-fire maximum and prevent grating lobes, the 
maximum inter-element spacing must be less than 0.5 𝜆 [31, 38, 39].  

 

     
    (a) 5 Elements                            (b) 6 Elements                     (c) 7 Elements 

Figure 11: Sidelobe level of broadside Array of dipole antennas at varying inter-
element distances for. (a) 5 elements (b) 6 elements (c) 7 elements 
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    (a) 10 Elements                            (b) 20 Elements                     (c) 30 Elements 

Figure 12: Sidelobe level of broadside Array of dipole antennas at varying inter-
element distances for. (a) 10 elements (b) 20 elements (c) 30 elements 

     
    (a) 5 Elements                            (b) 6 Elements                     (c) 7 Elements 

Figure 13: Sidelobe level of Endfire Array of dipole antennas at varying inter-
element distances for. (a) 5 elements (b) 6 elements (c) 7 elements 

           
    (a) 10 Elements                            (b) 20 Elements                     (c) 30 Elements 

Figure 14: Sidelobe level of Endfire Array of dipole antennas at varying inter-
element distances for. (a) 10 elements (b) 20 elements (c) 30 elements 

The analysis conducted in this work shows that increasing the number 
of elements of the linear array will not only increase the directivity but could 
also improve the PSLL, depending on how the broadside or end-fire antenna 
array is been designed with regards to element spacing. 
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Table 1: The PSLL for the broadside and end-fire array 

Number of 
Elements 

Broadside array PSLLs (dB) End-fire array PSLLs (dB) 
0.3 𝜆 0.4 𝜆 0.5 𝜆 0.3 𝜆 0.4 𝜆 0.5 𝜆 

5 -12.0414      -12.0467  12.0534 -12.0417 -12.0414 -12.0436 

6 -12.4275 -12.4255 -12.4298 -12.4317 -12.4256 -12.4302 

7 -12.6551 -12.6523 -12.6642 -12.6569 -12.6524 -12.6524 

10 -12.9691 -12.9716 -12.9704 -12.9683 -12.9679 -12.9686 

20 -13.2052 -13.195 -13.2246 -13.1882 -13.1882 -13.1976 

30 -13.2317 -13.2332 -13.2747 -13.2297 -13.2366 -13.2294 

6. Conclusion 
Design aspects of an array of dipole antenna for radiative wireless power 

transfer systems have been considered in this work. Using the versatile 
electromagnetic MoM technique, the current distribution on the halfwave 
dipole was evaluated using Hallen’s electric field integral equation. Towards 
improving the system directivity, uniform arrays of linearly spaced dipole 
antenna was also presented for the endfire and broadside array. The 
simulation figures were presented, and a comparative analysis between 
broadside and endfire arrays was conducted using radiation pattern, 
directivity and sidelobe levels as the figure of merits. From the results 
obtained for the scope of investigation, the peak directivity of 14.81 dB occurs 
on broadside array at 30 element, 0.5λ spacing and PSLLs of -13.2747 dB, while 
the peak directivity of 13.1425 occurs for endfire array at 30element, 0.4λ and 
-13.2297 dB. In addition to the advantage of an improved directivity achieved 
by the 7-element broadside array, an improved peak sidelobe level (PSLL) 
with the lowest PSLL for 7, 20, and 30 elements broadside array occurring at -
12.0534 dB, -12.4298 dB,  -12.6642 dB, -13.2246 dB, and -13.2747 dB 
respectively. The peak directivity of broadside array occurs at 30 elements, 
0.5λ spacing, and exceeds endfire array peak directivity by 11.27%, hence 
recommended for use in WPT application. Further studies would be 
channelled towards techniques for improving power transfer efficiency, such 
as pattern synthesis; and the design of optimal simultaneous wireless 
information and power transfer (SWIPT). 
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