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This paper proposes an alternative and innovative way to design a simpler beamforming network (BFN) based on balancing
alternated power combiners and dividers, to feed a nonuniformly spaced linear array with Gaussian amplitude and coherent (in-
phase) signals.Thus, a two-beam design configuration of the feeding network for a nonuniform array with beam steering capability
is proposed and analyzed. The nonuniform aperture and the complex inputs of the feeding network are optimized by means of
a differential evolution algorithm. In addition, a comparative analysis between a uniform and nonuniform linear array with the
proposed feeding network is performed. Simulation results show the advantages and effectiveness of the proposed feeding network
exploiting the nonuniformity of the antenna elements, in terms of side lobe level and directivity. Furthermore, research results show
an inherent reduction in hardware complexity of the network.

1. Introduction

Beamforming networks for multiple-beam antennas are of
great interest due to their performance and flexibility inmany
application fields including terrestrial and space telecom-
munications [1]. In general beamforming networks provide
predefined excitation vectors (amplitude and phase) to an
antenna array to generate a radiation pattern of certain de-
sired design [2]. Multiple beamforming networks have been
studied for decades, with Butler, Blass, and Nolen being the
most outstanding matrices [3–5]. As a result of feeding the
input ports, the outputs in these lossless multiport beam-
forming networks are orthogonal, which is demonstrated
mathematically by its inner product. However, in these loss-
less feeding networks the orthogonal excitation laws impose
severe restrictions on the beam shape, which implies a rig-
orous optimization design [6].

This paper proposes an alternative solution based on
a simpler design approach where only power combiners
and dividers are used. This coherent (in-phase) network
introduced in [7] is known as coherently radiating periodic

structure beamforming network (C-BFN or CORPS-BFN)
and generates an in-phase Gaussian-like amplitude distri-
bution. Recent research work based on C-BFN reported
approaches for simplifying the network hardware in dif-
ferent antenna geometries, the development of new struc-
tures to improve efficiency, and practical implementation of
the feeding network [8–11]. However, the impact of using
nonuniformly spaced arrays in C-BFN has not been analyzed
previously in the literature.

In contrast, this work presents a deeper insight on the
performance of a C-BFN that feeds a nonuniformly spaced
linear array. Then, the objective is to propose a C-BFN for
an unequally spaced linear array using differential evolution
(DE) technique to optimize the required complex excitations
at the input ports and the spacing between antenna elements,
thus obtaining a multibeam and nonuniformly spaced linear
array with beam steering capabilities. To demonstrate the
performance of a nonuniformly spaced linear array, a com-
parative analysis with a uniform linear array in terms of side
lobe level and directivity is performed.This latter is supported
by simulation results.

Hindawi Publishing Corporation
International Journal of Antennas and Propagation
Volume 2015, Article ID 757989, 7 pages
http://dx.doi.org/10.1155/2015/757989



2 International Journal of Antennas and Propagation

Matched
load

M inputs ports

N output ports

Antenna
array

L layers

Ith
layer

2nd
layer

1st
layer

C-BFN

C C

D

D

D D D

D D D

D D D D

C C C C

C

CCCC

CCCC

1

1

2

2

3 4 5

m

n

· · ·

· · ·

...

· · ·

· · ·

Figure 1: Schematic of a general topology of a C-BFN with power
dividers (D) and power combiners (C) nodes of 𝑀 inputs, 𝑁

outputs, and 𝐿 layers.

The paper is organized as follows. Section 2 describes
briefly the operation of a general C-BFN and the optimization
strategy followed. Section 3 presents the simulation setup
and the obtained results with a description of the proposed
two-beam configuration. Finally, conclusions of this work are
presented in Section 4.

2. Theoretical Study

2.1. C-BFN Model. The conceptual model of C-BFN is an
interconnection of successive layers with a specific arrange-
ment of alternating an identical basic node to create an entire
feed network, as described in [7]. The main characteristics
of the network allow controlling the radiation patterns,
including side lobes and main lobe shapes with stable and
independent beam pointing. The basic node can act as a
power divider (D) or power combiner (C) depending on its
position as illustrated in Figure 1. The behavior of C-BFN is
based on a binomial excitation law for a linear array, where
the coefficients can be obtained by Pascal’s rule (binomial
expansion) [12]. The basic constituting component can be
characterized as a 3-port component (for power combination
and power division) by the following Wilkinson’s matrix [7]:

[𝑆]node =
𝑗

√2
[
[

[

0 1 1
1 0 0
1 0 0

]
]

]

. (1)

It is important to point out that the ideal matrix in
(1) ensures that the 3-port component has no interaction
between the input signals since it is perfectly coupled and
isolated.

As shown in Figure 1, each layer is an arrangement of
basic nodes; C nodes on each layer are connected to the

D nodes on the next layer. The output of C-BFN generates
a Gaussian-like amplitude distribution and in-phase (true
time delay) excitation law in the 𝑚th input ports. This basic
topology makes it feasible to establish several configurations
with different inputs, outputs, and layers for mono- and
multibeam designs. In general, the number of output ports
(𝑁) in C-BFN is greater than the number of input ports (𝑀)
and the number of layers is determined by 𝑁 − 𝑀. In order
to calculate the output of a C-BFN for a given linear array, we
can use [10]

[𝑏
𝑚+1](𝑚+1,𝑚) = [𝑇

𝑚
]
(𝑚+1,𝑚) ⋅ [𝑎𝑚](𝑚,1) , (2)

where [𝑇
𝑚

] denotes a transfer matrix per layer and [𝑏
𝑚+1] and

[𝑎
𝑚

] are the output and input vectors, respectively. Subscripts
in brackets indicate the size of the matrices where index 𝑚 is
equal to the number of input ports.

The transfer matrix can be defined based on the transfer
coefficients of the basic node as given in (1). Hence, the
general matrix form is expressed as

[𝑇
𝑚

] =
1
2

[
[
[
[
[
[
[
[
[
[
[
[
[
[

[

√2 0 0 ⋅ ⋅ ⋅ 0
1 1 0 ⋅ ⋅ ⋅ 0

0 1 1
.
.
.

0 0 d d 0
.
.
.

.

.

. 1 1

0 0 ⋅ ⋅ ⋅ 0 √2

]
]
]
]
]
]
]
]
]
]
]
]
]
]

]𝑚+1,𝑚

. (3)

Thus, evaluating (2) and interconnecting a feed network,
as in Figure 1, make it possible to simulate and analyze a C-
BFN. Such simulation can be performed using an iterative
code (e.g., in MATLAB) that models the propagation of
signals throughout a general C-BFN. Additionally, this mul-
timode network could be physically implemented replicating
this basic constituting component, for example, by means of
a circular in-phase hybrid ring for wideband performances
[11].

Let us now consider a linear geometry of the antenna
array at the top of the BFN with 𝑁 omnidirectional antenna
elements in the azimuth plane (𝑥𝑦-plane). The array factor
for a set of arbitrary complex inputs [I] feeding a C-BFNwith
arbitrary antenna element positions [x] is derived from [12]
and given by

AF (𝜃, I, x) =

𝑁

∑

𝑛=1
𝐼
𝑛
𝑒
𝑗(𝑘𝑥
𝑛
cos 𝜃−𝛼

𝑛
)

, (4)

where 𝐼
𝑛
represents the complex weights (𝐼

𝑛
= 𝐴
𝑛
𝑒
𝑗𝜉
𝑛) at the

𝑛th input port of the feeding network, 𝑘 is the wavenumber,
𝑥
𝑛
is the location of the 𝑛th element, and 𝛼

𝑛
= 𝑘𝑥
𝑛
cos 𝜃0 is a

phase delay related to the maximum directivity attained (𝜃0).
Furthermore, the antenna synthesis is optimized using

an evolutionary algorithm which handles several combina-
tions of possible inputs to find a near-optimal solution for
specific beam shaping objectives. In this context, stochastic
optimization algorithms are recommended for nonlinear and
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Figure 2: Schematic of the two-beam configuration showing the C-BFN and its interconnection with the nonuniformly spaced linear array.

nonconvex optimization problems [13]. The optimization
method to obtain near-optimal solutions is described below.

2.2. C-BFN Optimization Process. Differential evolution is
the optimization strategy used in the C-BFN system to obtain
complex excitations (amplitudes and phases) and antenna
element locations. DE is a well-known population-based
metaheuristic widely used for beam pattern synthesis [14]. In
DE the set of parameters to be optimized define an agent or
potential solution. A collection of “vectors” or agents form
the population where some of these agents are extracted and
geometrically manipulated. The main actor in the behavior
of DE is performed by the mutation operator, where, for each
vector or agent (𝜀

𝐺

𝑖
| 𝑖 = 1, 2, . . . , 𝑁

𝑝
) in the population (𝑁

𝑝
)

of the 𝐺th iteration, a new donor vector (𝜀
𝑑
) is generated as

follows:

𝜀
𝑑

= 𝜀
𝐺

𝑟1 + 𝐹 (𝜀
𝐺

𝑟2 − 𝜀
𝐺

𝑟3) , (5)

where 𝑟1, 𝑟2, 𝑟3 ∈ [1, 𝑁
𝑝
] are random integers chosen such

that 𝑟1 ̸= 𝑟2 ̸= 𝑟3 and 𝐹 ∈ [0, 2] is the differential weight or
mutation factor, that is, a real constant factor which controls
the amplification of the differential variation (𝜀

𝐺

𝑟2 − 𝜀
𝐺

𝑟3).
The optimization process followed in this work is sequen-

tially described below: DE generates random vectors or
agents as possible solutions. These agents are encoded by
a vector of complex numbers (amplitudes and phases) I =

[𝐴1𝑒
𝑗𝜉1 , 𝐴2𝑒

𝑗𝜉2 , . . . , 𝐴
𝑀

𝑒
𝑗𝜉
𝑀] and a vector of real numbers

representing antenna element positions x = [𝑥1, 𝑥2, . . . , 𝑥𝑁].
Thus, each agent proposes a radiation pattern of certain
performance of side lobe level and directivity in each beam.
Then, the mutation operator (5) in DE expands the search
space, followed by the crossover and selection operators,
respectively. The crossover parameter controls the number
of components inherited from the mutation operator with
certain crossover probability called crossover rate (CR), influ-
encing the convergence speed. Finally, the algorithm finds
a global solution generating a beam pattern with minimum
side lobe level and maximum directivity in a predefined
direction for each beam. To achieve the above goal the

following optimization problem is formulated and applied for
each beam:

minimize
I,x

(

AF (𝜃SLL, I, x)


max |AF (𝜃, I, x)|
) + (

1
D (𝜃, I, x)

)

subject to I = {𝐴
𝑚

𝑒
𝑗𝜉
𝑚 | 𝐴
𝑚

∈A, 𝜉
𝑚

∈P} ,

∀𝑚 = [1, 2, . . . , 𝑀] ,

x = {𝑥
𝑛

| 𝑥
𝑛

∈X} , ∀𝑛 = [1, 2, . . . , 𝑁] ,

(6)

whereX is the antenna element location domain,A andP are
the amplitude and phase domains, respectively, and 𝜃SLL is the
angle where the maximum side lobe is attained.The goal is to
minimize the weighted sum that involves both side lobe level
and directivity, respectively, which are uniformly weighted in
the cost function. Detailed information of the DE procedure
can be found in [15–17].

3. Simulation Setup and Results

For assessing and analyzing the effect of a C-BFN in a
nonuniform linear array (NULA), a two-beam design was
implemented in MATLAB and is described as follows.

The proposed configuration is shown in Figure 2; the
schematic represents a nonuniformly spaced linear array of
20 antenna elements with 19 feeding ports with a C-BFN
of one layer. In this multimode network, 10 input ports are
fed to control 11 output ports directly connected to the same
number of antennas generating beam number 1. Similarly, 9
input ports are excited to manipulate 10 antenna elements,
where the total output corresponds to beam number 2.
With this network topology, based on subsets of input ports,
two orthogonal beams can be generated sharing an antenna
element. This shared antenna element is used as reference
(i.e., a fixed antenna element) for the location of the other
antenna elements. Therefore, the unequally spaced locations
of the antenna elements take values either to the left or right.
The first beam is shaped and controlled by the first ten of the
total feeding ports (19 input ports), and the 9 remaining input
ports are used to conform the other beam.
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Figure 3: Radiation patterns of the two-beam configuration of C-
BFN with a nonuniform linear array optimized by DE with beam
steering in 70∘ and 110∘.

In this two-beam configuration under study, the objective
is to assess the radiation pattern generated by the C-BFN in
an unequally spaced linear array. Furthermore, the results are
compared with the same configuration of C-BFN but in a
uniform linear array (ULA) with the purpose of comparing
performance.

The DE algorithm is programmed for the assessment of
array factor. Due to the algorithm stochasticity we execute
the algorithm 20 times for each direction of interest in each
beam. The array factor considers a steering range of 80∘ with
an angular step of 10∘ for a nonuniform linear array of 20
antenna elements with random nonuniform spacing between
𝑑min = 0.5𝜆 (wavelength) and 𝑑max = 1𝜆. For the uniform
case 𝑑 = 0.5𝜆.The parameters of theDE algorithmwere set as
follows: the algorithm is executed using𝑁

𝑝
= 500 individuals

(population size) through 500 iterations to ensure a good
sampling of the solution space, with a crossover probability
CR = 1.0 and a mutation factor set in 𝐹 = 0.5. A DE scheme
with random selection, one difference vector, and binomial
crossover was implemented [16, 17].

3.1. Simulation Results. Figure 3 illustrates the resulting nor-
malized radiation pattern of the two-beam configuration
generated by the feeding network detailed in the previous
section. The complex excitations at the input ports of the C-
BFN along with the antenna locations were optimized with
DE (see Table 1), providing a good performance in terms
of side love level and directivity. The optimized radiation
patterns in this proposal demonstrate the ability of the
network to handle side lobe level (SLL ≤ −27 dB) and
directivity in different beam steering directions for each of
the two beams. Table 1 shows the specific values in amplitude
and phase distributions, and element locations for the array
factors generated by the two-beam design of C-BFN and

Table 1: Amplitude and phase distributions and element locations
for the two-beam configuration shown in Figure 3.

Input ports 𝑚 = 19 Output ports 𝑛 = 20
Amplitude
distribution

Phase
distribution (deg) Element location (𝜆

𝑛
)

4.02 48.34 −5.4662
5.02 3.66 −4.9659
5.74 −4.89 −4.3838
8.02 8.41 −3.8637
9.76 5.37 −3.2990
9.95 7.11 −2.7913
8.69 8.51 −2.2536
7.20 11.10 −1.7234
6.04 8.21 −1.1825
4.66 −21.01 −0.5800
4.82 −8.71 0
6.40 14.71 0.5118
7.04 11.95 1.0857
9.39 13.23 1.5877
9.17 0.19 2.1078
11.89 1.10 2.6123
11.01 2.29 3.1320
8.03 2.03 3.6639
6.49 8.10 4.2142
— — 4.7562

illustrated in Figure 3. The table provides the solution to
generate each beam pattern considering specific directions of
maximum radiation previously defined.

The direction of maximum gain in this specific multi-
beam case is scanned along the azimuth plane (𝜃-axis) and
set in 𝜃0 = 70∘ for beam 1 and 𝜃0 = 110∘ for beam 2. In
addition, in this particular C-BFN, the control of each beam is
based on subsets of consecutive input ports. In this topology
of a two-beam C-BFN, the feeding network of one layer can
scan each main beam to any desired location by using 𝑁 − 1
input ports for each beam. In other words, a C-BFN of one
stage as shown in Figure 2 reduces the internal circuitry of a
conventional phased antenna array with direct feeding. This
implies that the network reduces two input ports and one
antenna element because it uses 10 input ports for controlling
11 antenna elements for beam number 1. Similarly, it uses only
9 input ports for controlling 10 antenna elements for beam
number 2. In this case, the proposed configuration allows the
reuse of one antenna element located between input ports
numbers 10 and 11 (see Figure 2); this is possible by the basic
principles of operation of the C-BFN.

Todevelop a comprehensive and fair comparative analysis
of the linear array system that considers a C-BFN, the
behavior of the array factor is analyzed by means of the C-
BFN shown in Figure 2, for a uniform and nonuniform linear
array. Each configuration is previously optimized by DE with
the parameter settings described in Section 3. To demon-
strate the potential benefits of nonuniform linear array over
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Figure 4: Comparison between the array factor of the best case of
a ULA, the worst case of a NULA, and the best case of a NULA
obtained by the proposed C-BFN, showing an example of beam #1
directed at 80∘.
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Figure 5: Comparison between the array factor of the best case of
a ULA, the worst case of a NULA, and the best case of a NULA
obtained by the proposed C-BFN, showing an example of beam #2
directed at 100∘.

a uniform linear array in a C-BFN, we compare the worst
result of a NULAwith the best result of a ULA, and addition-
ally with best case of a NULAwith the same proposed C-BFN
configuration under equal conditions and several trials.

Figures 4 and 5 show an example of the radiation pattern
generated by the proposed two-beamconfiguration ofC-BFN
for equally and unequally spaced linear array. Specifically,
Figure 4 shows beam number 1, set in 𝜃0 = 80∘ for both

linear configurations (i.e., uniform and nonuniform). In this
example, the main beam is conformed by 10 input ports
controlling 11 antenna elements, in all cases. The specific
values of SLL and directivity (DIR) are−26.27 dB and 9.73 dB,
respectively, for the best result of a C-BFN in a uniform linear
array (C-BFN + ULA (best case)), −27.55 dB and 10.47 dB
in the worst result of a C-BFN using a nonuniform linear
array (C-BFN + NULA (worst case)), and −29.86 dB and
10.57 dB for the best result of a C-BFN in a nonuniform
linear array (C-BFN + NULA (best case)). In the same way,
Figure 5 illustrates the performance of beam number 2 that is
set in 𝜃0 = 100∘ for the three configurations. In this figure,
the best array factor of a CBFN + ULA exhibits −25.87 dB
and 9.32 dB of SLL and DIR, respectively, −26.27 dB and
10.56 dB in the worst array factor of a CBFN + NULA, and
−30.78 dB and 10.21 dB for the best array factor of a CBFN +
NULA. Beam number 2 is conformed using only 9 input
ports to control 10 input ports. Despite the fact that beam
number 2 is conformed with a smaller antenna aperture,
it obtains a similar performance as beam number 1. This
is due to the fact that the use of one more antenna may
not represent a significant performance advantage in this
configuration. However, in a physical implementation of the
complete antenna system the type of antenna used could
represent a more relevant performance. As can be seen in
Figures 4 and 5, the performance of the worst array factor
in a CBFN + NULA is slightly better than the best radiation
pattern in a CBFN +ULA, even over all the steering range (as
shown in Tables 2 and 3). This behavior demonstrates that
a C-BFN based on a nonuniform linear array outperforms
in equal conditions a C-BFN based on uniform linear array,
in terms of side lobe level and directivity. In the same way,
we can observe in Figures 4 and 5 a marked superiority in
performance of the best case of C-BFN +NULA over the best
case of C-BFN + ULA with an advantage in average of 4 dB
of SLL and 1 dB of DIR for the two beams, including different
directions of interest (see Tables 2 and 3).

Next, numerical values of SLL and DIR for the gen-
erated radiation patterns (beams numbers 1 and 2) with
the proposed configuration in both cases, ULA and NULA,
are presented in Tables 2 and 3. These two tables collect
information of the best numerical values of side lobe level
and directivity obtained by the uniform linear array and
the worst and best numerical values of the aforementioned
metrics obtained by the nonuniformly spaced linear array.
In general, a C-BFN with a uniform or nonuniform linear
system retains fundamental properties of linear arrays, with
decreasing values SLL and DIR as we move away from the
broadside region. As it was previously shown in Figures 4 and
5, the comparative analysis between linear arrays allows us
to ensure that a C-BFN with a nonuniform linear array has
better performance than a C-BFN with uniform linear array
in terms of directivity and side lobe level.

Although the focus in this work is on a two-beam
configuration, it is possible to implement different C-BFN
configurations by varying the number of output and input
ports based on the general topology and beams required. In
this design approach for an unequally spaced linear array
based on C-BFN, it is important to note the technological
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Table 2: Numerical values of side lobe level and directivity for the multiple beamforming network with a uniform and nonuniform linear
array for beam number 1.

Steering range C-BFN + ULA best case C-BFN + NULA worst case C-BFN + NULA best case
𝜃0 (deg) SLL (dB) DIR (dB) SLL (dB) DIR (dB) SLL (dB) DIR (dB)
50 −18.65 8.62 −20.01 9.33 −22.30 9.47
60 −22.01 8.59 −23.12 9.52 −26.22 9.44
70 −24.42 8.63 −25.77 9.91 −29.09 9.50
80 −26.27 9.73 −27.55 10.47 −29.86 10.57
90 −28.22 9.91 −29.37 10.61 −31.91 10.73
100 −25.92 9.89 −27.32 10.24 −29.52 10.79
110 −24.98 8.55 −25.84 9.85 −28.93 9.58
120 −21.95 8.61 −22.96 9.78 −25.97 9.52
130 −19.11 8.74 −20.13 9.46 −23.68 9.69

Table 3: Numerical values of side lobe level and directivity for the multiple beamforming network with a uniform and nonuniform linear
array for beam number 2.

Steering range C-BFN + ULA best case C-BFN + NULA worst case C-BFN + NULA best case
𝜃0 (deg) SLL (dB) DIR (dB) SLL (dB) DIR (dB) SLL (dB) DIR (dB)
50 −17.81 8.43 −19.52 9.15 −22.23 9.53
60 −21.33 8.38 −22.16 9.33 −25.32 9.46
70 −23.71 8.42 −24.56 9.82 −27.48 9.28
80 −25.44 9.67 −25.98 10.72 −29.80 10.65
90 −27.13 9.83 −28.02 10.63 −31.24 10.76
100 −25.87 9.32 −26.27 10.56 −30.78 10.21
110 −23.66 8.74 −24.72 9.68 −27.74 9.54
120 −20.89 8.42 −21.95 9.52 −24.45 9.36
130 −18.15 8.39 −19.97 9.08 −22.77 9.59

advantages of the feeding network itself (i.e., the reuse of
antenna elements and the reduction of control signals inputs)
compared with a conventional linear array in a phased array
(direct feeding). For the two-beam configuration, each beam
is shaped with 𝑀 = 𝑁 − 1 input ports reusing one anten-
na element (reference radiator). In general, the complexity
reduction and the attained performance in different direc-
tions of interest in a nonuniformly spaced linear array using
a C-BFN is a good option for several applications where
conventional nonuniform linear arrays are used [18, 19].

4. Conclusion

The design of a C-BFN for a two-beam steerable configura-
tion in an unequally spaced linear array has been presented.
The design approach involved the behavior of the array
factors generated by the nonuniform and uniform linear
arrays in the proposed C-BFN configuration. The results of
this research proved that the proposed design of a C-BFN can
generate scannable and independent beams in linear arrays
exploiting the nonuniformity of the antenna array with a
reduced complexity of the antenna system. Furthermore, the
proposed C-BFN configuration exposes the advantages of
adopting this technology in unequally spaced linear arrays for

applications requiring multibeams with steering capabilities
in this antenna geometry.
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