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Abstract. This work proposes and describes a modular and
innovative beamforming network (BFN) to feed a nonequally
spaced circular antenna array. The structure is based on
a set of alternated power combiners and dividers that de-
livers a Gaussian-like amplitude distribution and coherent
(in-phase) signals. A multiple beam antenna system to gen-
erate two main beams in the same aperture with a coherent
network for a nonuniform array with beam shaping and beam
steering properties is simulated and analyzed. Furthermore,
a comparative analysis based on uniform and nonuniform cir-
cular antenna arrays fed by the proposed coherent network is
conducted. The complex signals and the nonuniform circular
aperture are optimized using the well known differential evo-
lution technique. Numerical experiments show the efficiency
and improvement of the coherent network with a nonuniform
aperture over uniform, with an advantage in average equal
to 1.8dB of directivity and -2dB of side lobe level. More-
over, the simulation results exhibit an aperture reuse and
complexity reduction of the proposed coherent network con-
figuration compared with a conventional antenna array with
direct feeding, where each main beam is shaped and steered
with the half of control signal inputs.

Keywords
Multiple beamforming network, non-uniform circular
array, differential evolution, coherent beamforming net-
work, multiple beams

1. Introduction
The technology of multiple-beam antennas exhibits de-

sirable capabilities in modern antenna applications, where
its antenna array based solution offers flexibility on the ra-
diation operation. Generally, these systems can radiate mul-
tiple independent countoured beams with advanced features
as beam steering, high-directive beam, among others intel-

ligent beam operations. Such radiation features in general
require a beamforming network to properly provide a prede-
fined phase and amplitudes distribution to the array radiating
elements [1], [2]. These multiple beamforming networks are
constituted by multiple input ports and output ports that are
connected to the antenna array. The most notable and stud-
ied work based on lossless multiple beamforming networks
lies in Blass [3], Butler [4] and Nolen [5] matrices. Despite,
these lossless matrices have low-loss properties, the orthog-
onal behavior at the output tend to a more restrictive pattern
shape, inhibiting the flexibility in the overall design [6].

In this context, coherent networks represent an alter-
native solution that improves flexibility with beam shaping
capability and enhanced beam steering, working with coher-
ent (in-phase) output distribution related to complex inputs
controls. Recently, a coherent network known as coherently
radiating periodic structure beamforming network was intro-
duced with a simpler topology based on just power combin-
ers and dividers [7]. The coherent beamforming network
delivers a coherent Gaussian-like amplitude tapered excita-
tion law. In addition, this versatile multiple beamforming
network have been studied with diverse approaches since its
introduction, such as an efficiency analysis of the structure
based on the original concept, design and simplification of
the coherent network in different antenna array geometries
and physical implementations based on enhancements of the
feeding network and its basic components [8–10]. Although
the authors have been addressed the nonuniform linear array
fed by a coherent beamforming network in [11], to the best
of our knowledge the nonuniform aperture on circular arrays
has not been previously analyzed in this feeding network on
literature.

This paper presents as main contribution a detailed
analysis of the performance of an antenna system that ex-
ploits the nonuniformity in circular arrays with a design of
a coherent beamforming network. Thus, in this work is pro-
posed a feeding network configuration based on coherently
radiating periodic structures to feed a nonuniformly spaced
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circular array. The required complex excitations at the input
ports and the interlement spacing are obtained by the differ-
ential evolution method. To demonstrate the performance of
a nonuniformly spaced circular array a comparative analysis
with a uniform circular array in a two-beam system is simu-
lated.

The remainder of the paper is organized as follows. Sec-
tion 2 address theorically the model of a typical coherently
radiating periodic structure as feeding network, the nonuni-
form circular array formulation as a part of the antenna system
and the optimization method applied. Section 3 presents the
experimental setup for the coherent multibeam configuration
and its optimizer, in the same section simulation results for
the antenna system are performed and analyzed. Finally, in
Sec. 4 conclusions of this work are presented.

2. Problem Formulation

2.1 Beamforming Network Theoretical Model
In this work, the proposed feeding network is based on

the concept of coherently radiating periodic structures beam-
forming network (CORPS-BFN or for simplicity C-BFN)
where power dividers and combiners, employed as basic
nodes, are alternated and used to propagate the power un-
til the antenna elements [7]. In this arrangement, a complete
feeding network topology can be implemented connecting
and alternating basic nodes through successive layers, as is
illustrated in Fig. 1. A layer is composed by an arrangement
of basic nodes, power combiners nodes (C) in each layer
are connected to power dividers (D) in a subsequent layer.
At the ouput, the network delivers a Gaussian-like ampli-
tude and in-phase excitation law at each input port (true time
delay) [12].

The flexibility of the network based on a basic node,
makes possible to establish different configurations with
a varying number of inputs, outputs, and layers for a spe-
cific antenna system design. Furthermore, the intrinsic char-
acteristics of this coherent network allows to control the
beamshaping and beam steering, even inmulti-beam designs.
Typical C-BFN designs consider a greater number of output
ports (N) than input ports (M) where the number of layers
are given by N − M . The 3-port component employed as
basic node and used for power division and combination is
represented by the following scattering parameters, and can
be written as [7]:

[S]node =


0 j/
√

2 j/
√

2
j/
√

2 0 0
j/
√

2 0 0

 . (1)

The ideal scattering matrix ensures no interaction be-
tween input signals assumingmatching conditions at all ports.

To evaluate the output of a C-BFN, we can use a transfer
matrix per layer [Tm] in transmit mode given by the follow-
ing expression [8]:

[αm+1](m+1,1) = [Tm](m+1,m) · [αm](m,1) , (2)

in which [αm+1] denotes the output vector and [αm] is the
input vector (complex excitation) at the feeding ports, both in
the evaluated layer. The output vector is introduced as input
vector in the next layer. In (2), m denotes the input ports
and subscripts define the size of the matrices. Considering
a C-BFN topology with more than one layer, with N output
ports and M input ports, the behavior of the output excita-
tion law [αN ] of the feeding network can be found using (2)
successively, and is expressed as:

[αN ](N ,1) =

(
M∏

m=N−1
[Tm]

)
· [αM ](M ,1) (3)

where [Tm] represents the transfer matrices of each layer in
the feeding network and m ∈ [N − 1,N − 2, . . . ,M]. The
transfer matrices can be properly defined based on the trans-
fer coefficients of the basic node in (1). From the matrix it
can be inferred that the columns denote power division and
rows represent power combination. A general transfer matrix
of C-BFN can be formulated as:

[Tm] =
1
2
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. (4)

For multi-beam configurations, a change for a numeric
value of 1 on the coefficients located at (1,1) and (m + 1,m)
is suggested due to edge losses that only affect limited values
in the matrix. In any case, is feasible to simulate and analyze
a C-BFN, using a topology based on Fig. 1 and assessing (2),
(3) and (4). Thus, the coherent behavior of signals through-
out the structure can be simulated in a programming lan-
guage (e.g. Python, C, among others) or numerical software
(e.g., MATLAB, Octave, etc.). In the same context, there
are studies focused on physical implementations of C-BFN
that support its mathematical theory, this research is based
on replicate the basic constituting component or unit cell, by
means of different multi-port devices such as Gysel power di-
viders/combiners [7], circular in-phase hybrid rings for wide-
band purposes [12] or modified multi-port Gysel devices for
isolation improvements [13].

Next, the mathematical expressions for the array factor
for a nonuniformly spaced circular antenna array considered
as a part of the antenna system are described.
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Fig. 1. Schematic of a typical C-BFN topology based on basic nodes for power combination/division.

2.2 Non-uniform Circular Antenna Array
Let us now consider a circular array geometry com-

posed of N isotropic sources along a circle of radius r in
a x − y plane. Its array factor (AF(φ)) for the bidimensional
plane x − y (θ = 90) can be written as [14]:

AF(φ) = In exp[j(kr cos(φ − φn) + βn)] (5)

where βn = −kr(cos φ0 − φn) denotes the excitation phase
of the n-th element, used to direct the peak of the main lobe
in φ0 direction. Considering this circular geometry of an-
tenna elements in connection with the BFN, the array factor
in function of a set of complex inputs I with nonuniform an-
tenna element locations d to be optimized can be rewritten
from (5) as:

AF(φ, I,d) = In exp[jkr(cos(φ − φn) − cos(φ0 − φn))] (6)

where k = 2π/λ, λ is the operating wavelength, φ is the
azimuthal angle, In denotes the complex weights (An = ejξn )
at the n-th input port of the feeding network, the radius of
the array is r = Ndλ/2π and the angular location of the n-th
element along the feeding network is φn = 2π(n − 1)/N for
n = 1,2, . . . ,N .

In this work, the beam pattern synthesis in the antenna
system is done by an stochastic algorithm which handles
several combinations of possible solutions to find a near-
optimal solution for the non equally spaced circular antenna
array [15–17] and the feeding system that meets specific
objectives. Furthermore, due to the degrees of freedom in-
volved and the complexity in antenna synthesis optimization,
a metaheuristic based on evolutionary computation is used
and described in the next section.

2.3 Optimization Process
Differential Evolution (DE) is the stochastic real param-

eter optimization technique used in the antenna feed system
to obtain a set of solutions of antenna element locations and
complex excitations. DE is an efficient and reliable evolu-
tionary algorithm classified as a population-based optimizer

successfully used on electromagnetics problems including
beam pattern synthesis and antenna design [18–20]. In this
work, DE algorithm is used just as an optimization tool for
its proven efficiency on synthesis problems, a comparative
analysis between this algorithm and other population based
algorithms (e.g. Particle Swarm Optimization (PSO), Ge-
netic Algorithms (GA), among others) is out of the scope of
this paper. Furthermore, this optimization technique (DE)
exhibits a better performance in comparison with other tra-
ditional population based optimizers, based on literature and
our previous research experience. DE is much more sim-
ple and straightforward to implement, the number of control
parameters in DE are few and the space complexity of DE
can be considered low. Despite, another population based
algorithms can be used to optimize the antenna system with
similar good performance in terms of side lobe level and
directivity, the DE technique was used in this paper based
on the time of convergence and the advantages mentioned
previously.

In DE algorithm the real-valued parameter vectors to
be optimized forms a candidate solution in a multidimen-
sional problem. DE begins with these randomly initiated
vectors (or agents) forming a population (Np) where some
of these solutions are selected and geometrically perturbed
with a scaled difference of two randomly chosen population
vectors. The lead role in the optimization is performed by the
mutation scheme, where for each d-dimensional real-valued
vector εGi = [ε

G
i,1, ε

G
i,2, . . . , ε

G
i,d
] of the population at the G-th

iteration, the mutation or donor vector (vG+1
i ) is given by:

vG+1
d = εGr1 + F(εGr2 − ε

G
r3 ), (7)

in which F is a positive control parameter for scaling the
difference vectors (εGr2 − ε

G
r3 ) which controls the length of the

exploration, known as mutation factor or differential weight
(typically with a range between [0.4,1]). The indices r1,r2
and r3 are mutually exclusive integers randomly chosen from
the population Np. Please refer to [21], [22], for a more
detailed information of this evolutionary algorithm.
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The process applied in this work to find sets of valid so-
lutions is presented below: DE begins randomly generating
vectors (or agents) as candidate solutions. These proposed
solutions are grouped by a vector of real numbers represent-
ing element-to-element arc spacings d = [d1, d2, . . . , dn] and
a vector of complex numbers denoting amplitudes and phases
I =

[
A1ejξ1, A2ejξ2, . . . , AMejξM

]
. By this way, each agent in

the population proposes a radiation pattern that meets with
certain characteristics of side lobe level and directivity for
a predefined direction of interest in the antenna system. Sub-
sequently, the mutation operator (7) in the algorithm expands
the search space, followed by the crossover operator which
promotes the diversity of the population and controls the
number of components inherited from mutation with a cer-
tain probability crossover rate (CR), affecting convergence
speed. Thereupon the selection operator warrants the sur-
vival of the fittest solutions in subsequents generations and
reduces the possibility of stagnation in DE population. At
the end of the algorithm, we obtain a global solution that
generates a multibeam pattern in the same aperture under
the design characteristics imposed, i.e., a beam pattern with
maximumdirectivity andminimum side lobe level in a prede-
fined direction for each beam in our case study. To achieve the
above predefined design characteristics, the related synthesis
problem can be formulated mathematically as a constrained
optimization as follows:

min
I,d

{
|AF(φSL, I,d)|
|AF(φmax, I,d)|

}
+

{
1

D(φ, I,d)

}
s.t. |AF(φmax, I,d)| = 1,

I = {Amejξm | I ∈ I}, ∀m ∈ M,

d = {dn | d ∈ D}, ∀n ∈ N .

(8)

In (8), φSL is the angle where maximum side lobe is
attained on either side of main lobe, φmax is the main beam
direction,D is the antenna interelement location domain, and
I represents the amplitude and phase domain. The optimiza-
tion task can be expressed as to find the near-optimal solution
of inter-element spacing matrix d for the nonuniform circular
array and the complex excitationsmatrix I for theBFN’s input
ports, in order to get reduced side lobes and high directivity
in a specific direction of interest.

3. Numerical Experiments
In this section, the simulation setup is described and the

numerical experiments are carried out in MATLAB to assess
and validate the effectiveness of a C-BFN with a nonuni-
form circular array (NUCA), for simplicity a two-beam sys-
tem is proposed and analyzed.The objective is to assess the
two-beam radiation pattern conformed by the complete an-
tenna system, i.e., the antenna array and the feeding net-
work. Moreover, the results are compared with the same
feeding network but with a uniform circular array (UCA) to
contrast performance.

3.1 Experimental Setup

The DE algorithm was implemented for the assess-
ment of the array factor generated in the azimuth plane
(0◦ ≤ φ ≤ 360◦) in the cut of the θ = 90◦. The nonuni-
form antenna array with circular geometry is composed by
30 antenna elements with random nonuniform element-to-
element arc spacing between dmin = 0.25λ to dmax = λ and
d = 0.5λ for the uniform case. The DE strategy with random
selection, one difference vector, and binomial crossover is
applied to the antenna system, with the following parame-
ters: the algorithm initializes with a population (Np) of 500
individuals with the same maximum number of iterations
ensuring a good sampling of the solution space, a mutation
factor set in F = 0.5 with a crossover rate (CR) of 0.9. The
stochastic algorithm was executed for 20 independent trials
for each direction of interest in each beam.

The antenna system is shown in Fig. 2, the schematic
shows a circular array composed by 30 non equally spaced
antenna elements with a feeding system based on 29 feeding
ports implemented in a C-BFN of one layer. This coherent
network allows to control two independent beams simultane-
ously by alternating the feeding ports (M) in the beamforming
network, as shown in the bottom of Fig. 2. The indices at the
input ports indicate the number of beam or signal applied,
i.e., each index number belongs to a group of complex in-
puts to conform one of the two beams. In this configuration,
the first beam is shaped and controlled by 15 intercalated
input ports that delivers its signal throughout the aperture
(i.e., 30 output ports directly connected to the same number
of antennas). Similarly, the 14 remaining intercalated input
ports are excited to manipulate 28 antenna elements where
the total output conforms the second orthogonal beam shar-
ing the same antenna array elements, except for the elements
at the ends. The output ports (N) of the beamforming net-
work are directly connected to the antenna elements in the
circular geometry.

3.2 Simulation Results

The normalized power patterns of the two-beam an-
tenna system fed by the coherent beamforming network with
nonuniform radiant elements, are shown in Fig. 3. In this
example case, the main beam was directed in three different
directions of interest for each beam, where the maximum ra-
diation is scanned along the azimuth plane and set in 20◦,140◦
and 260◦ for beam number 1 and aimed at 70◦,190◦ and 310◦
for beam number 2. Moreover, by the particular type of
geometry on the proposed antenna system and by the opti-
mization task realized by DE, it is possible to obtain as can
be observed in Fig. 3 an isolation level and directivity that
remain almost constant along the azimuthal plane.

The optimized power patterns in this multibeam design
demonstrate the capacity of the antenna system to handle the
trade-off between side lobe level (SLL) and directivity (D) in
different predefined directions for each of the main beams.
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Fig. 2. Schematic of a two-beam antenna system based on a C-BFN for a nonuniformly spaced circular array.

Despite the optimization is uniformly weighted in the cost
function, a high directivity is obtained by the coherent net-
work. The optimized values for the antenna elements distri-
bution and the complex excitations used at the BFN’s input
ports for the example case, are shown in Tab. 1. The table
details the numerical solution to generate each beam pattern
illustrated in Fig. 3, aimed to different azimuthal angles.

In this particular case study of a two-beam design, the
C-BFN can conform and steer each beam to any direction of
interest under the window of visibility, by feeding N−1 input
ports alternately and exploiting the nonuniformity between
elements. The feeding network that uses alternated subsets
of complex inputs for each beam, employs 15 input ports for
properly feed 30 antenna elements to control the beam num-
ber 1 and it uses the remaining 14 input ports for exciting
28 antenna elements for beam number 2. In this design, the
structure allows to reuse radiators between orthogonal beams
thanks to a working principle of operation of a C-BFN called
coherent coupling. In this way, a C-BFN of one layer topol-
ogy, conform and scan two beams sharing the same aperture
and reducing the feeding ports, representing an advantage
against typical phased antenna array with direct feeding.

A comparative analysis of a C-BFN that feeds a circular
array antenna array is performed. In this evaluation, the an-
tenna system shown in Fig. 2 is considered with the uniform
and nonuniform interelement spacing variants for the circular
geometry. On each configuration, the array factor generated
is analyzed and the antenna system is previously optimized
by DE algorithm with the simulation parameters described in
Sec. 3.1 in both designs. To test the possible improvements
of a non equallly spaced over equally spaced circular arrays in
a coherent beamforming network with multi-beam capabili-
ties, the worst and best solutions obtained of a NUCA were
contrasted with best result of a UCA with the same C-BFN
configuration under equal simulation settings and several tri-
als for a comprehensive comparative evaluation.

Examples of the array factor’s behavior conformed by
the proposed two-beam design of a C-BFN for uniform and
nonuniform interelement spaced circular array are illustrated
in Figs. 4 and 5. Figure 4 shows the main beam set in
φ0 = 140◦ and generated by the feeding ports dedicated to
conform beam number 1, for both circular configurations i.e.,
nonuniform and uniform cases. Specifically, in this exam-
ple, the main lobe is generated by 15 input ports exciting
all the aperture i.e., 30 antenna elements, in all cases. The
numerical values of SLL and D are −11.3 dB and 14 dB,
for the best solution of a C-BFN in a uniform circular ar-
ray (UCA + CBFN (best case)), −11.7 dB and 15.5 dB in
the worst instance of a C-BFN with a nonuniform aperture
(NUCA + CBFN (worst case)), and −13.5 dB and 16 dB for
the best result of a C-BFN in a nonuniform interelement
spacing (NUCA + CBFN (best case)).

Similarly, Fig. 5 demonstrates the performance of beam
number 2 directed at φ0 = 190◦ for all the cases. In this fig-
ure, the best normalized pattern of a UCA + CBFN achieves
−12 dB and 14.1 dB of SLL and D, respectively, in contrast
the worst array factor of a NUCA + CBFN shows −12.1 dB
and 15.1 dB, and −14 dB and 15.7 dB for the best normalized
pattern of a NUCA + CBFN. In this example case, the main
beam is conformed by 14 input ports exciting 28 output ports.
Despite the fact, that beam number 2 is generated by a smaller
antenna aperture, it obtains a similar performance in terms
of SLL and D with respect beam number 1. In this specific
configuration, the output ports on the ends of the feeding net-
work are not excited, due to the confined propagation of en-
ergy inside the structure between power dividers/combiners.
However, this shortcoming does not represent a significant
performance disadvantage for beam number 2.

Furthermore, in Figs. 4 and 5 the general performance
of the worst case of a normalized pattern in a NUCA with
a C-BFN is slightly better than the best case of a radi-
ation pattern in a UCA with the same feeding network,
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(a) Beam 1 is directed at 20◦ and beam 2 at 70◦.
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(b) Beam 1 is directed at 140◦ and beam 2 at 190◦.
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(c) Beam 1 is directed at 260◦ and beam 2 at 310◦.

Fig. 3. Normalized patterns generated by the two-beam feeding
network with a nonuniform circular array optimized by
differential evolution.

even over all the visibility window as shown in Tab. 2. This
behavior demonstrate that a coherent beamforming network
based on nonuniformly spaced circular array outperforms in
equal conditions a uniformly spaced circular array fed by the
same feeding network, in terms of side lobe level and directiv-
ity. Moreover, both figures prove a considerable superiority
in the two-beam antenna system performance of the best case
of NUCAwith a C-BFN over the best case of a UCAwith this
coherent network, the advantage in average is equal to −2 dB
of side lobe level and 1.8 dB of directivity in both beams in
all the steering range, as can be observed in Tab. 2.

Specific numerical values of side lobe level and directiv-
ity for the two-beam design with the proposed configuration
of coherent network, for the uniform and nonuniform cases
are presented in Tab. 2. Table 2 collects information of the
best numerical values of SLL and D obtained by the uniform
circular array and the worst and best values of the aforemen-
tioned parameters generated by the nonuniformly spaced cir-
cular array. A C-BFN feeding a circular antenna array in the
uniform and nonuniform circular geometries preserves basic
properties of circular arrays, with almost constant numeri-
cal values of side lobe level and directivity throughout the
steering range. Specifically, the proposed configuration of C-
BFN to feed the circular array based on subsets of alternated
inputs to conform one of the two beams tends to high numer-
ical values of directivity over side lobe level on fair and equal
conditions on the optimization process. From the compara-
tive analysis related to circular arrays shown in Figs. 4, 5, and
Tab. 2, the experiments ensure that a C-BFN with a nonuni-
form circular array has better performance than a uniform
circular array in terms of directivity and side lobe level.

Finally, to extend the analysis of the proposed antenna
system, simulations with more than two beams were car-
ried out. In this case, the antenna system with a circular
nonuniform aperture and the coherent beamforming network
shown previously in Fig. 2 was used. In this array based
on 30 non equispaced radiators and with 29 feeding ports,
multiple independent beams were shaped and controlled by
alternating the feeding ports (M). A multiple beam example
controlling 5 beams simultaneously by the coherent network
is shown in Fig. 6. In this specific case, the main lobes
were located in five different predefined directions and set
in 45◦,115◦,185◦,255◦ and 325◦. The optimized power pat-
terns in this multiple beam design prove the performance of
the antenna system to handle more than two beams simulta-
neously, while maintaining the trade-off between minimum
side lobe level and maximum directivity.

Table 3 shows the mean values of SLL and D of a main
lobe located at 45 degrees (taken as reference) for more than
two beams on the aperture. In this numerical experiment, the
whole aperture is shared with 3, 4 and 5 beams simultane-
ously demonstrating the capacity of the network to conform
and control more than two beams.
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Fig. 4. Comparison of radiation patterns for UCA and NUCA
generated by the proposed multi-beam C-BFN, illustrat-
ing an example of beam number 1 steered at 140◦.
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Fig. 5. Comparison of radiation patterns for UCA and NUCA
generated by the proposed multi-beam C-BFN, illustrat-
ing an example of beam number 2 steered at 190◦.
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Fig. 6. A multibeam example with 5 beams generated simulta-
neously sharing the antenna aperture.

Furthermore, the experiment exposes the clear trade-off
between the number of beams on the aperture and the antenna
parameters under study (SLL and D). In this case, the SLL
and D parameters decreases as the number of independent
beams increases on the aperture. For example, in the spe-
cific case of 5 main beams the SLL and D mean values are
−9.1 dB and 13.3 dB with a marked difference in comparison
with 3 beams of approximately 3 dB and 1.3 dB of SLL and
D, respectively. Note that in a 3 beam configuration, each
beam is conformed by 10 intercalated input ports that excite
and share 20 antenna elements. In contrast, in a 5 beam
configuration, each beam is shaped with 6 intercalated inputs
that feed and share 12 radiators on the aperture.

The proposed feeding network design based on C-BFN
for a circular antenna arrays, exploits its intrinsic working
principles to improve features over a conventional circular
aperture in a phased array with direct feeding, such as sharing
the antenna elements coherently for multibeam applications
and the reduction of control signal inputs. Moreover, the su-
periority of a nonuniform circular in additionwith aC-BFN is
clearly demonstrated overcoming the uniform aperture with
the same coherent network. Despite that in some cases the
above affirmation could be conjectured specially in antenna
arrays with direct feeding, in this work is demostrated with
an specific configuration using a coherent feeding network
based on numeric experimentation. For the two-beamdesign,
each main beam is steered and shaped with M = N/2, i.e.,
the half of feeding ports are excited to control the double of
output ports. Similarly, numeric simulations with more than
two beams demonstrate an equivalent behavior where the
main lobe for each beam is controlled with M = N/B, where
B denotes the total number of beams on the antenna aperture.
Thus, each intercalated input signal shares the feeding ports
exciting and controlling in general the double of radiators per
beam. Thus, an increase of the total number of beams on
the antenna aperture, decrease the effective aperture for each
beam affecting directly and negatively the antenna parame-
ters (SLL and D in this specific case). The above findings on
the numerical experimentation, define the limit of the pro-
posed antenna system configuration (Fig. 2), i.e., the max-
imum directivity and minimum isolation level achieved on
a nonuniform circular aperture with feeding network under
the simulation conditions exposed previously. Despite a two-
beam antenna system is proposed as a main study case, it was
proved that the configuration based on intercalated inputs can
handle more than two beams on the same antenna aperture.
However, this particular configuration is not unique, different
C-BFN configurations could be implemented by increment-
ing the layers and varying or grouping input/output ports for
the beams required. A further analysis of nonuniform aper-
tures with different antenna geometries could improve the
overall performance, e.g., aperiodic concentric ring arrays.
Due the complexity reduction, multibeam capabilities and the
shaping performance over all the steering range in a nonuni-
form circular aperture using an approach based on C-BFN,
this network is a useful candidate for various multibeam ap-
plications over conventional direct feeding.
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Beam 1: 20◦, Beam 2: 70◦ Beam 1: 140◦, Beam 2: 190◦ Beam 1: 260◦, Beam 2: 310◦

Am ejξm [deg] dn [λ] Am ejξm [deg] dn [λ] Am ejξm [deg] dn [λ]

0.6422 –61.4 0.696 0.5033 82.1 0.578 0.4881 –31 0.505
0.6743 –143.4 0.769 0.5020 28.2 0.748 0.6549 176.6 0.749
0.8213 90.9 0.456 0.6679 –121.5 0.752 0.8751 30.8 0.908
0.4455 162.4 0.761 0.5379 26.4 0.446 0.5994 –146.3 0.516
0.9238 –86.7 0.503 0.1449 71.4 0.333 0.4370 –27.1 0.592
0.7729 128.2 0.567 0.7691 38.1 0.443 0.4496 –172.1 0.647
0.4695 97.3 0.557 0.5787 90.5 0.344 0.9083 34.6 0.448
0.3967 119.3 0.940 0.5428 53 0.928 0.5336 –170.8 0.615
0.5325 85.4 0.538 0.3375 –76 0.780 0.9825 25.2 0.786
0.5133 127.5 0.470 0.6098 22.3 0.524 0.9186 –174.2 0.485
0.5750 –72.3 0.770 0.8441 112.8 0.367 0.3728 11.6 0.816
0.5681 –129.9 0.877 0.8326 24.4 0.675 0.7918 155.5 0.320
0.5542 –95.3 0.451 0.4590 –96.6 0.370 0.5783 –35.7 0.954
0.3357 83.6 0.825 0.9220 36.3 0.546 0.6273 141.9 0.404
0.7513 90.5 0.504 0.4599 110.6 0.899 0.2989 –36.9 0.714
0.4248 137 0.709 0.7517 39 0.715 0.5171 125.4 0.840
0.5526 –68.3 0.621 0.5680 –139.1 0.558 0.9285 32.6 0.289
0.6586 117.6 0.566 0.6659 41.8 0.999 0.4723 175.2 0.758
0.5942 78.8 0.738 0.8859 117.4 0.627 0.9778 –29.4 0.415
0.6000 –121.7 0.725 0.9034 27.9 0.380 0.3022 137 0.672
0.7775 81.3 0.624 0.3123 101.8 0.539 0.7215 29.3 0.705
0.4447 –118.3 0.563 0.6941 12.5 0.637 0.5584 –160.3 0.599
0.5554 –75.4 0.661 0.9453 117.7 0.315 0.1744 39.2 0.482
0.8329 91.7 0.599 0.1524 63.1 0.532 0.2743 –140 0.654
0.2653 –46.1 0.507 0.8399 –99.4 0.446 0.7606 –53.9 0.784
0.6234 111.3 0.437 0.6027 36.3 0.635 0.9064 –141.3 0.749
0.4584 –89.4 0.470 0.5845 109.6 0.663 0.3865 –56.7 0.414
0.5948 143 0.342 0.9460 14.4 0.445 0.5682 –147.1 0.732
0.9663 –96.3 0.644 0.2008 107.7 0.593 0.2842 23.1 0.480

- - 0.852 - - 0.333 - - 0.562

Tab. 1. Complex excitation and interelement space distributions for the two-beam design at different directions of interest shown in Fig. 3.

Number Main beam direction UCA + C-BFN (best case) NUCA + C-BFN (worst case) NUCA + C-BFN (best case)
of beam φ0 [deg] SLL [dB] D [dB] SLL [dB] D [dB] SLL [dB] D [dB]

20 −11.9 14 −12.2 15.2 −13.7 15.9
1 140 −11.3 14 −11.7 15.5 −13.5 16

260 −11.4 13.9 −11.5 15.3 −14 15.8

70 −11.6 13.8 −11.7 15.6 −13.6 15.7
2 190 −12 14.1 −12.1 15.1 −14 15.7

310 −11.2 14 −11.4 15.3 −13.3 16

Tab. 2. Numerical values of side lobe level and directivity for the two-beam antenna system with uniform and nonuniform circular array.

Number of beams Main beam directed at 45◦
on the aperture SLL [dB] D [dB]

3 −11.9 14.6
4 −9.9 14.1
5 −9.1 13.3

Tab. 3. Mean values of side lobe level and directivity with a reference main lobe located at 45◦ for different number of beams on the aperture.
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4. Conclusions
The design of a coherent beamforming network for

a two-beam antenna system in a nonuniformly spaced cir-
cular array with shaping and steering capabilities has been
presented. In this work, the behavior of normalized power
patterns generated by the proposed feeding network in a uni-
form and nonuniform circular aperture were compared and
analyzed. The numerical experiments demonstrated that
the proposed coherent beamforming network configuration
conforms multiple independent beams with scanning prop-
erties in the same antenna aperture, taking advantage of the
nonuniformity of the antenna array with a reduced complex-
ity of the antenna system. Specifically, presented results of
the proposed coherent network configuration based on alter-
nated feeding ports in a nonuniform circular aperture shows
intrinsic high directivity values (D ≥ 15 dB) with a con-
siderable reduction of control signals inputs to control each
beam (N/B = M) compared with a typical direct feeding
system (N = M). The nonuniform aperture improves its uni-
form counterpart by at least 2 dB in average approximately, in
terms of side lobe level and directivity parameters. Moreover,
the coherent beamforming network configuration exhibits the
advantages and flexibility of using these coherent networks
in nonuniformly spaced circular arrays for multibeam appli-
cations with scanning capabilities.
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