
Progress In Electromagnetics Research M, Vol. 112, 41–53, 2022

Multi-Beam Forming and Optimization for Active Phased Array
Antenna Using Genetic Algorithm

Ji-Hoon Bae1, * and Won Kyu Choi2

Abstract—In this paper, the optimized results of multi-beam forming for an active phased array
antenna are presented. In the case of a horn radiator, to implement equal main beamwidths and a low
side-lobe level in the principal planes, a circularly polarized dual-mode horn antenna with the gain over
14.5 dBi is designed and fabricated at the Ka-band, which is composed of a conical horn, polarizer, and
transducer. In the case of multi-beam forming, when several main beams are simultaneously generated
within a limited scanning range, large side-lobes can be observed among the main beams. To overcome
this phenomenon, an evolutionary technique, such as a genetic algorithm, is applied to the optimization
of a multi-beam pattern. It is shown that the proposed method can significantly reduce the outer
side-lobe level as well as the inner side-lobe level of the simultaneous multi-beam pattern.

1. INTRODUCTION

Active phased array antennas (APAA) for the geostationary orbit (GEO) or the low earth orbit (LEO)
have been studied and developed for several decades. With increased demand for ultra-wideband and
multimedia services, such as Internet, VOD (video on demand), satellite broadcasting, and remote-
education, steerable multi-beam antennas have become a core technology in satellite communication
systems [1–5]. Therefore, it is preferable to use a multi-beam APAA (MAPAA) system rather than a
single-beam antenna system to provide various services of high quality and to adaptively meet some
changes of the service environment between ground networks and satellite networks. Also, recently,
multi-beamforming systems have been actively used in mm-wave band. A beam scheduling algorithm
using measurements of receiving power was introduced to improve latency in [6], and the model-
free multi-beam tracking algorithm combining the Q-learning with auxiliary beam pair-based angle
estimation in mm-wave band was devised in [7].

In this paper, we focus on the optimal design of a circularly polarized horn antenna and the
implementation and optimization of multi-beam patterns for the transmitting MAPAA. First, the
circularly polarized dual-mode horn antenna designed in this paper is composed of a conical horn,
polarizer, and transducer. The dual-mode in the conical horn is excited by a waveguide feed with internal
bifurcation junction. The polarizer with a metallic wedge is designed to produce a circular polarization
with low axial ratio characteristics. Generally, traditional rectangular horn antennas operating in the
dominant TE 10 mode and conical horn antennas in the TE 11 mode have different beamwidths in the
principal planes. This is due to the remarkably different field distributions that are uniform in the
E-plane but nonuniform in the H-plane [8]. In addition, because of the aperture phase errors caused
by the spherical phase fronts, equal principal plane patterns cannot be achieved over a wide frequency
band. A wider bandwidth with equal beamwidths and low cross-polarization in the principal planes can
be accomplished by employing higher order modes [8, 9]. By exciting the horn aperture with a proper
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combination of TE 11 and TM 11 modes, it is possible to produce radiation patterns with approximately
equal beamwidths in the E- and H-planes, as well as the side-lobe levels (SLLs) in the E-plane lower
than those of horns excited by a single mode. In this study, to obtain the same beamwidths in two
principal planes, the length of an inner waveguide is optimally adjusted using the commercial software
tool, High-Frequency Structure Simulator (HFSS) [10].

In the case of multi-beam synthesis, when several main beams are generated for each differently
predetermined beam direction at the same time, large inner side-lobes can appear among the main
beams. To overcome this problem, a genetic algorithm (GA) [11] is applied to the optimization of the
multi-beam pattern for simultaneous reduction of outer side-lobes as well as inner side-lobes. GA is
a global optimization method modeled on the Darwinian natural selection and evolution concepts.
Application-specific GA schemes have attracted electromagnetics researchers by effectively solving
complex and challenging optimization problems on electromagnetic systems. Therefore, GA is widely
applied and used in various fields even to this day. For example, in the field of satellite communication
systems, the authors in [4] solved the joint power and bandwidth allocation optimization problem by
using GA, and the dynamic beam hopping method to improve resource utilization is studied based on
GA [5]. In addition, a desired low SLL can be accomplished by optimally adjusting either the excitation
of each antenna element or the elements’ positions with uniform amplitudes [12–17]. The excitation
includes the amplitudes and phases of antenna elements. Because it is difficult to construct sub-array
modules and to implement a simple array antenna system in the latter method, we adopt the former
method for the transmitting MAPAA. To control the amplitudes and phases of antenna elements, the
amplitudes and phases of four channels in an active beamforming module (ABFM) must be adjusted to
the desired values for each specific direction. Our designed ABFM has four input channels, which have
their own phase shifter and variable attenuator [18]. In the developed transmitting antenna system,
when the amplitudes of each channel in the ABFM are adjusted using each attenuator, the phases in
each channel can also be varied, leading to phase variation of the channel. Due to the effect of this phase
variation, the main beam direction can deviate from the desired one, or radiation patterns adversely
distorted. Because of this phenomenon, only the phases of each antenna element are optimized using
each phase shifter, while all the amplitudes have fixed values during the optimization procedure. The
main contributions of this study are as follows:

1) A formula for designing a multi-beam-forming structure with a triangular lattice was derived and
presented, and based on this, it was reflected in the actual MAPAA system design and fabrication
using four-channel ABFMs.

2) The circularly polarized dual-mode horn antenna as an array element in the 4× 4 MAPAA was
designed and produced to achieve side-lobe suppression and equal main beamwidth through an
optimal selection of design parameters for the horn aperture.

3) Finally, we realized multi-beam pattern synthesis to simultaneously achieve low inner and outer
SLLs by applying a GA-based evolutionary algorithm to the developed MAPAA.

This paper is organized as follows. In Section 2, we describe the pattern synthesis method of multi-
beam array antennas in detail. In Section 3, the design method of the single horn antenna is presented.
Simulated and measured results are shown in Section 4, and conclusions are drawn in Section 5.

2. FORMULATION OF MULTI-BEAM PATTERN SYNTHESIS

2.1. Multi-Beam Forming Formula for MAPAA

We consider an M × N planar array with a triangular lattice, as shown in Fig. 1. With reference to
Fig. 1, D multiple signals are incident from each elevation and azimuth angle, (θd, ϕd)d=1,...,D on the
planar array. Although the MAPAA is a transmitting antenna system, the approach of a receiving
system concept, as described in [11], is considered to formulate multiple beam patterns for convenience.
Then, a column-ordered vector of the received signal Xd can be described as follows:

Xd =
[
xd11x

d
21 . . . x

d
M1x

d
12 . . . x

d
MN

]T
(1)
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Figure 1. Planar array geometry with triangular lattice.

where xdmn means the received signal at each antenna element (m,n) and can be mathematically
expressed as

xdmn = fmn

D∑
d=1

[Ad exp(jw0t) · exp[jk(dymn · vd + dxmn · ud)](m=1,...,M, and n=1,...,N) (2)

where k is a propagation constant; dxmn and dymn are distances between the origin O and (m,n)th
antenna elements in the x and y axes, respectively; vd = sin θd sinϕd, ud = sin θd cosϕd; Ad is each
signal amplitude; T is the transpose operator; and w0 is an operating frequency. We assume that,
in this simulation, all the multiple signals have the same operating frequency. Finally, if the signal
amplitudes have the same value A, the expected output signal vector Pd of the array antenna can be
obtained as follows:

Pd = CTXd = A exp(jw0t) ·CT (FΘSd) (3)

where C = [c11 c21 . . . cM1 c12 . . . cMN ]T is a weighting vector; Sd = [sd11 s
d
21 . . . s

d
M1 s

d
12 . . . s

d
MN ]T is the

desired steering vector with sdmn =
D∑

d=1

exp[jk(dymn · vd + dxmn · ud)]; F = [f11 f21 . . . fM1 f12 . . . fMN ]T ;

and Θ denotes the dot product operator, respectively.
From Eq. (3), we define the generalized output signal P of an array antenna over the observation

angle (θ, ϕ) as follows:

P = CTX = A exp(jw0t) ·CTY, (4)

where Y = [y11 y21 . . . yM1 y12 . . . yMN ]T with ymn = fmn · exp[jk(dymn · v + dxmn · u)](v = sin θ sinϕ and
u = sin θ cosϕ).

If we assume that C = WΘS∗
d and P′ = |CTY|, the radiation pattern of the array P′ can be
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described as follows:

P′(u, v) =
∣∣CTY

∣∣ = ∣∣∣(WΘS∗
d)

T Y
∣∣∣

=

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
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fmnwmn exp[jk(d
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+
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fmnwmn exp[jk(d
y
mn · (v − v2) + dxmn · (u− u2))]

+ . . .

+
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m=1

N∑
n=1

fmnwmn exp[jk(d
y
mn · (v − vD) + dxmn · (u− uD))]

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
=

∣∣∣∣∣
M∑

m=1

N∑
n=1

fmnwmn

{
D∑

d=1

exp[jk(dymn · (v − vd) + dxmn · (u− ud))]

}∣∣∣∣∣ (5)

where W is the complex weighting vector, W = [w11 w21 . . . wM1 w12 . . . wMN ]T , and the asterisk
denotes the complex conjugate operator. As expected, the multi-beam pattern can be represented by
linearly summing radiation patterns with each specific direction. If we further assume that each beam
pattern can be independently controlled at the same time, and the antenna elements have an identical
pattern one another, the multi-beam pattern of Eq. (5) can be modified as follows:

P′(u, v) =

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

f

M∑
m=1

N∑
n=1

w1
mn exp[jk(d

y
mn · (v − v1) + dxmn · (u− u1))]

+f
M∑

m=1

N∑
n=1

w2
mn exp[jk(d

y
mn · (v − v2) + dxmn · (u− u2))]

+ . . .

+f

M∑
m=1

N∑
n=1

wD
mn exp[jk(d

y
mn · (v − vD) + dxmn · (u− uD))]

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(6)

where W d
mn (d = 1, . . . , D) represents the controllable complex weightings for each beam pattern. The

design of the ABFM structure is based on Eq. (6) because four channels in the ABFM have their own
digital phase shifter and attenuator, which can provide weightings for each beam direction to antenna
elements through each channel, and the four channels are linearly combined to one output port of the
ABFM via a Wilkinson power combiner and a solid state power amplifier.

2.2. Multi-Beam Optimization for MAPAA

In this subsection, to accomplish a low SLL for the MAPAA, an evolutionary optimization technique is
applied to the previous formula of Eq. (6). The complex weightings wd

mn can be expressed as follows:

wd
mn = rdmn exp(jψ

d
mn) (d = 1, . . . , D), (7)

where rdmn and ψd
mn represent each amplitude and phase of antenna elements for the dth beam. Each

phase of the antenna elements is optimized, while the amplitudes have fixed values during optimization
procedure.

As stated earlier, a large SLL can be observed among multiple beam patterns when each beam is
closely generated by one another within a limited scanning range. Therefore, simultaneous multi-beam
optimization must be considered instead of independent optimization for each beam pattern. In order to
synthesize a multi-beam pattern with a low SLL, the concept of subpopulation is adopted for each main
beam [19]. In other words, subpopulations for each main beam separately evolve under the GA operators,
such as crossover, mutation, and elitism. However, decoded values from the subpopulations are combined
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to evaluate the fitness in one objective function. During optimization, a two-point crossover method
including three chromosomes is used to achieve a fast convergence [20, 21]. Values for ψd

mn (d = 1, . . . , D)
in the GA can be represented by a binary string or a real-valued string. In this paper, we select a binary
string, and the gene is coded in 5 bits because the developed MAPAA has a 5-bit digital phase shifter.
The cost function, J , to evaluate the fitness value of given individual in the ϕ = 0◦ plane is defined as
follows:

J = min

[
1

L
(ga · JM + gb · JS)

]
, (8)

where ga and gb are iteration gains,

JM =
1

La

La∑
l=1

∣∣∣∣dp(ul)pr(ul)

∣∣∣∣2 (l = 1, . . . La), (9)

with dp(ul) =

{
pr(ul)− p′(ul), ul in each QdB main beamwidth

0, otherwise

}
in each mainlobe regions,

JS =
1

Lb

Lb∑
l=1

∣∣∣∣dp(ul)pr(ul)

∣∣∣∣2 (l = 1, . . . Lb), (10)

with dp(ul) = min[(pr(ul)− p′(ul)), 0], ul in the inner and outer sidelobe regions,

where pr(ul) is the desired reference pattern, p′(ul) the multi-beam pattern in ul = sin θl, and
L = La + Lb, respectively. La means the normalization factor, which is the number of points for
the radiation pattern plot in the given mainlobe regions, and Lb represents the normalization factors for
the inner and outer sidelobe regions. For many simulation results, we found that the following equations
between ga and gb can provide a suitable performance for our algorithm.

ga + gb < 5 and 1 <
gb
ga

< 2 (11)

Here, we select the reference pattern Pr(u), as shown in Fig. 2, in which the outer side-lobe and inner
side-lobe regions are set to the desired low SLL, and the main-lobe shape can be specified to any type
of parabola.
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Figure 2. Reference pattern for the optimization of a multi-beam pattern.
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The procedure for the multi-beam pattern synthesis using the GA is summarized as follows:

Step 1: Randomly generate initial subpopulations for each ψd
mn (d = 1, . . . , D), which represents

each chromosome consisting of binary string.

Step 2: Calculate the fitness value using Eq. (8).

Step 3: Rank each chromosome from the best to the worst, according to their fitness values obtained
by Step 2, and discard the bottom 50 percent.

Step 4: Create each new offspring setting from the selected top 50% using the two-point cross over
operator.

Step 5: The best individual for each subpopulation from the present generation is saved, but it will
not take part in the next step of the mutation process.

Step 6: Mutate the new offspring for each subpopulation based on the probability of mutation.

Step 7: Iterate from Steps 1 to 6 until the fitness value J is less than a predefined threshold value.

3. DUAL MODE HORN ANTENNA DESIGN

The desirable characteristics of beam axial symmetry, a low SLL, and low cross polarization can be
obtained by designing a conical horn structure that supports TE11 and TM11 simultaneously [22]. The
design parameters for the generation of dual modes are shown in Fig. 3. In order to control the relative
amplitudes and phases of the two modes, the design parameters, such as the radii of the input a and
output b, as well as the lengths, s and t, must be considered for an optimal design of the dual-mode
horn. The radius a of the input waveguide must be selected to allow only the TE11 mode to propagate
and the radius b of the output waveguide to allow both TE11 and TM11 modes to propagate. The TM11

mode generated by the internal bifurcation junction has little effect on the H-plane pattern but alters
the field distribution of the dominant TE11 mode in the E-plane to be almost the same as that in the
H-plane, which makes it possible to minimize diffractions at the aperture edges of the horn, especially
those in the E-plane, by reducing the fields incident on the aperture edges. Therefore, the optimal
selection of the dimensions for a side-lobe suppression and an equal beamwidth in the E- and H-planes
can be realized by considering the field distributions on the horn aperture [23].
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Figure 3. Design parameter for dual-mode generation of conical horn antenna.

4. EXPERIMENTAL RESULTS

In this section, we describe simulation and measurement results for the proposed MAPAA system. The
manufactured transmitting MAPAA system is shown in Fig. 4, where it mainly consists of radiators,
ABFMs, passive power distribution modules (PDM), active power distribution modules (ADM), and a
system control unit (SCU) to control multi-beam pattern formation.
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Figure 4. Manufactured transmitting MAPAA system for multi-beam forming.

4.1. Dual Mode Horn Antenna

The circularly polarized dual-mode horn antenna consists of a conical horn with an aperture diameter
of 1.9λ0 at 20.5GHz and 8◦ half-flare angle, polarizer for left-handed circular polarization (LHCP), and
transducer for mode conversion. The optimal dimensions for the horn antenna are given in Table 1.
The radiation patterns measured using a far-field measurement facility at 20.5GHz are also shown in
Fig. 5. The equal main beamwidths in two planes orthogonal with each other are about ±50◦.
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Figure 5. Radiation patterns measured and simulated at 20.5GHz.

4.2. Optimization of Beam Patterns

In this subsection, we will show some simulated and measured results using the pattern synthesis method
of Section 2 for both the single beam and multi-beam pattern.
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Table 1. Optimal dimensions for the horn antenna.

Design Parameters Optimum Value

s 4.45mm

t 19.58mm

a 7.61mm

b 14mm

Half-flare angle 8◦

4.2.1. Generation of Multiple Beams

In order to measure multiple beam patterns for the transmitting antenna system, phases of each channel
in the ABFMs must be initially adjusted using each phase shifter to be in-phase on the radiating
apertures of the 4× 4 array antenna. Fig. 6 shows the measured multiple beam patterns at the center
frequency of 20.5GHz when each main beam direction is given as follows:

• Beam 1: (θ0, ϕ0) = (−10◦, 0◦)

• Beam 2: (θ0, ϕ0) = (−2◦, 0◦)

• Beam 3: (θ0, ϕ0) = (5◦, 0◦)

• Beam 4: (θ0, ϕ0) = (10◦, 0◦)

In this figure, beam patterns overlap one another. As a result, the designed transmitting MAPAA can
successfully provide independent multiple beam patterns.

Figure 6. Measured result for the multi-beam forming of the MPAA.
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4.2.2. Optimization of Single-Beam Pattern

We will show the simulation and measurement results of beam 4 among the four beams for the
optimization of a single beam pattern. For single beam optimization, the cost function J of Eq. (8) is
modified for simplicity as follows:

J = maxSLL
{
20 log(

∣∣p′(ul)∣∣} , ul in the sidelobe region. (12)

In order to reduce a maximum SLL (MSLL) of a single beam pattern using Eq. (12), GA parameters
were determined as follows: population size for the single beam was set to three times the length of
each chromosome, a probability of crossover to 0.8 and that of mutation to 0.025. Fig. 7 shows the
simulation results for beam 4 of the MAPAA. Case 1 represents the optimized radiation pattern at a
center frequency of 20.5GHz for beam 4 using the synthesis method in Section 2, and Case 2 denotes
the initial radiation pattern of beam 4. When the main beam direction of the beam 4 is scanned to
θ0 = 5◦ in the ϕ = 00 plane, the related radiation patterns including the optimized result are plotted in
Fig. 8.

Figure 7. Simulation result of the optimized single beam pattern at the boresight.

The MSLLs and 3 dB main-lobe beamwidths (MLBs) for beam 4 are compared and summarized in
Table 2. In comparison of the simulation and measurement results, the optimized beam patterns can
provide lower SLL than the initial ones, as shown in Table 2.

4.2.3. Optimization of Multi-beam Pattern

In this section, beam 2 and beam 4 among the four beams of the MAPAA are simultaneously considered
to generate a multi-beam pattern at the same frequency. Case 2 of Fig. 9 shows the initial multi-beam
pattern at the center frequency of 20.5GHz. For this example, the main beam direction of beam 2
is given as (θ0, ϕ0) = (−10◦, 0◦), and that of beam 4 is set to (10◦, 0◦). When two beams are closely
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Figure 8. Simulation result of the optimized single beam pattern when the main beam is θ0 scanned
to θ0 = 5◦ in the plane.

Table 2. Comparison of maximum side-lobe levels for the single beam patterns. Case 1: Optimized
radiation pattern for the beam 4. Case 2: Initial radiation pattern for the beam 4.

Items for single beam pattern
Simulation Measurement

Case 1 Case 2 Case 1 Case 2

Maximum radiation

angle, θ0 at ϕ = 0◦

0◦
3 dB MLB 7.2◦ 6.34◦ 7.52◦ 6.34◦

MSLL −20.4 dB −13.47 dB −19.25 dB −13.22 dB

5◦
3 dB MLB 7.14◦ 6.39◦ 7.14◦ 6.29◦

MSLL −19.39 dB −12.60 dB −18.02 dB −12.40 dB

generated at the same time, a large inner side-lobe is observed, as shown in this figure. In order to
reduce both the inner and outer SLLs of the initial beam pattern, the proposed method is applied to the
optimization of the initial multi-beam pattern. For the multi-beam pattern synthesis method, we set the
iteration gains, ga and gb, to 1.2 and 1.5, subpopulation size for each beam to three times the length of
each chromosome, each probability of crossovers to 0.82, and those of mutations to 0.02. In the desired
reference pattern, the inner and outer SLLs are set to −20 dB and −25 dB, respectively. In addition,
a 10 dB beamwidth in Eq. (12) is selected for this measurement. Case 1 of Fig. 9 shows the optimized
multi-beam pattern for the initial pattern. The result of Case 1 was derived after 27 generations. In
comparison with the initial multi-beam pattern, an approximately 10 dB reduction of the inner SLL was
achieved with the optimized one. It can be expected that, although a 4 × 4 array antenna is used in
this example, a further reduction of outer SLL as well as the inner SLL can be achieved, as the number
of arrays is increased.
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Figure 9. Measured result of the optimized multi-beam pattern.

5. CONCLUSION

This paper describes the results of beam forming and optimization for both the single beam and multi-
beam of the Ka-band MAPAA. In addition, the dual-mode horn antenna with an aperture diameter
of 1.9λ0 at 20.5GHz and half-flare angle of 8◦ is designed. The simulated and measured results for
the designed antenna are compared and show a good agreement with each other. In the case of beam
forming, the 4 × 4 MAPAA was designed to provide four spot beams at the Ka-band, and from the
measured result, we observed that the four beams were independently and successfully generated. In
this study, when two beams are simultaneously generated at the same frequency, a large inner side-lobe
can appear between two main beams. To improve the initial multi-beam pattern in terms of side-lobe
reduction, the formulation for a multi-beam was derived, and the evolutionary optimization technique
was applied to provide optimal phases of each channel in the ABFMs to the corresponding multiple
beams. The results show that the optimized multi-beam pattern can achieve lower inner and outer SLLs
simultaneously than the initial one.

In future work, we plan to extend this study by combining more sub-array modules based on the
currently developed 4 × 4 MAPAA and forming more simultaneous multi-beams. We will continue to
work on applying and analyzing other advanced optimization techniques, such as the particle swarm
optimization method with high computational efficiency, to more complex MAPAA systems for multi-
beam forming optimization.
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