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Abstract: In this paper, we propose an innovative spaceborne isoflux scanning digital phased array
(ISDPA) design with two-stage digital beamforming (DBF) for geostationary satellites. To achieve
isoflux scanning, a novel technique is presented to obtain an isoflux beam for the ISDPA equivalent
element using a DBF completely shared subarray architecture and the differential evolution (DE)
algorithm. By reutilizing the radiating elements of adjacent subarrays, the radiation aperture and
element number are augmented, enhancing the degrees of optimization freedom. To validate the
proposed design, a linear ISDPA with 16 DBF completely shared subarrays is optimized and analyzed
using two sets of excitation coefficients in different DBF stages. The numerical results demonstrate
that the proposed ISDPA can adaptively compensate for space loss variations during beam scanning
for geostationary communications with low sidelobes better than −20 dB.

Keywords: phased array antenna; isoflux scanning; shared subarray; digital beamforming; space
loss; geostationary satellites

1. Introduction

Satellite communication systems play a crucial role in a wide range of applications, in-
cluding mobile communications, global emergency services, and broadcasting services [1,2].
Today, satellites are commonly utilized for transmitting various types of information, includ-
ing data, voice, and video [3,4]. Due to this fact, a satellite for the space segment can require
different kinds of antennas serving as transducers that convert electromagnetic energy for
either receiving or transmitting signals. Phased array antennas are increasingly attractive
and widely adopted in satellite payloads due to their advantageous features, including
high beam agility, high gain, multi-beams, and flexible pattern beamforming [5–7]. It is
widely acknowledged that space loss is minimal at the nadir position, where the shortest
path exists between the satellite and the ground user. However, space loss increases as the
ground target moves away from the nadir. To compensate for changing path loss between
users at different locations on the Earth and satellites, a kind of spaceborne phased array
antenna with isoflux scanning characteristics is needed to provide a consistent satellite
communication link to any point of the illuminated Earth surface during beam scanning.

There are many studies for antennas that have isoflux radiation characteristics in the
literature [8–15]. Volkan Akan presented a polyrod antenna that has an isoflux radiation
characteristic for satellite communication systems in [8]. In this study, the polyrod antenna
was a single antenna with fixed isoflux coverage. E. Arnaud suggested a compact isoflux
X-band payload telemetry and data-handling antenna with simultaneous dual circular
polarization for low-Earth orbit (LEO) satellite applications [9]. This antenna relies on
a choke horn, a conventional septum polarizer, and a dielectric cone with a particular
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shape at an open-ended waveguide to generate the isoflux radiation pattern. F. Caminita
presented a low-profile dual-polarized isoflux antenna based on an artificial impedance
surface realized by means of printed metallic strips and metallic corrugations at the X-band
for space applications [10]. This isoflux antenna is a single antenna with an aperture of 13λ
(λ is the wavelength of operating frequency). Furthermore, a planar metasurface isoflux-
type antenna based on an anisotropic metasurface with an isoflux pattern for LEO satellite
application was proposed in [11]. Moreover, isoflux radiation patterns can be obtained via
the array antenna. In the study of [12], the design of an aperiodic array for isoflux radiation
was reported. This isoflux array considered the reduction in the sidelobe level and the
isoflux radiation requirements for geostationary Earth orbit (GEO) satellites by utilizing the
method of genetic algorithms. The study of [13] reported an isoflux microstrip array at the
X band with applications in Cubesat communications. The isoflux array was chosen to be a
set of concentric ring elements and was designed by using a genetic algorithm to obtain
appropriate elements, such as spacing, amplitude, and phase shifts, for isoflux radiation
pattern optimization. Another isoflux antenna for Cubesat applications was presented
in [14], consisting of three concentric annular apertures to obtain an isoflux beam pattern.
The study of [15] presented an isoflux thinned array for GEO satellites using the Fourier
series synthesis method. Nevertheless, all the isoflux beam antennas above exhibit fixed
coverages and were, thus, unable to achieve flexible and fast beam steering.

This paper proposes an innovative isoflux scanning digital phased array antenna
(ISDPA) design for GEO satellite payloads with a scanning range of −8◦ to 8◦. Since
optimizing the radiation pattern variation in phased array elements within the scanning
range is crucial for controlling scanning gain variation, this paper also presents a novel
method to achieve an isoflux-shaped beam for the equivalent element of the ISDPA. This
is accomplished by utilizing a completely shared subarray architecture and differential
evolution (DE) algorithm. The radiation aperture can be shared between adjacent subarrays,
which increases the aperture size and number of elements in the digital shared subarray.
Thus, the challenges related to isoflux radiation pattern beam shaping can be greatly
mitigated due to improved degrees of optimization freedom. Specifically, the ISDPA
reaches minimum gain at nadir without scanning. As the beam scanning angle increases,
the gain rises accordingly, providing effective compensation for link loss resulting from the
path loss variation during beam scanning, demonstrating the isoflux scanning characteristic.
Additionally, the proposed ISDPA design achieves low sidelobe levels.

The main contribution of this communication is summarized as follows:

(1) This work proposes a solution for a spaceborne phased array antenna to equalize flux
density across the ground coverage during electrical beam scanning, which has not
been presented until now to the best of the authors’ knowledge;

(2) Through the digital signal multiplexing and combination after analog-to-digital con-
version in digital beamforming, the complexity of physically implementing the shared
subarray architecture is greatly simplified;

(3) Through numerical optimization, the scanning gain variation in the phased array
antenna closely matches the space attenuation variation during beam scanning in
GEO satellite communications.

2. Design of the ISDPA
2.1. Scheme of the ISDPA Based on the DBF Completely Shared Subarray

The shared subarray architecture has been utilized in limited scan arrays [16], where
scanning at the subarray level suppresses grating lobes and reduces sidelobes. In this
architecture, sharing antenna elements between adjacent subarrays increases the radiation
aperture and the number of elements, facilitating beam shaping [17,18]. Similarly, the
digital beamforming (DBF) completely shared subarray structure can utilize extra radiating
elements for subarray beamforming. As illustrated in Figure 1a, the linear DBF completely
shared subarray with N elements consists of radiating elements, low-noise amplifiers
(LNAs), frequency converters, A/D converters, and the first-stage digital beamforming
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network. Each element’s aperture is shared across all subarrays, meaning each element
participates in digital beamforming via the first-stage DBF processor of every shared
subarray. The element spacing and the shared subarray phase center spacing are both
d. A linear N-element DBF completely shared subarray with array geometry is shown in
Figure 1b, where A(1)

i denotes the excitation coefficient of the ith element for the first-stage
DBF, f (θ) is the element pattern, and the completely shared subarray pattern F(θ) can be
obtained as:

F(θ) =
n

∑
i=1

A(1)
i ej(kid sin θ+ϕi) f (θ) = AF(1)(θ)× f (θ) (1)

where AF(1)(θ) is the subarray factor at the radiating element level, and k = 2π/λ is the
free-space wavenumber.
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Figure 1. The scheme (a) and geometry (b) of ISDPA based on the DBF completely shared subarray.

Utilizing the DBF completely shared subarray architecture, a novel ISDPA scheme for
geostationary satellite applications is proposed in Figure 1a. Each DBF completely shared
subarray acts as an equivalent element of the ISDPA. The first-stage DBF performs primary
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beamforming to achieve an isoflux beam pattern at the element level. The second-stage
DBF then conducts power combining at the subarray level, using weighted values of the
shared subarray to enable low sidelobes and beam scanning. For an ISDPA with N DBF
completely shared subarrays with phase center spacing d, the pattern with scanning angle
θ0 can be expressed as:

E(θ) =
N

∑
n=1

A(2)
n ej(knd sin θ+ϕn)F(θ) = AF(2)(θ)× F(θ) = AF(2)(θ)× AF(1)(θ)× f (θ) (2)

where A(2)
n is the excitation coefficient for the nth shared subarray in the second-stage DBF,

ϕn = −k × n × d × sin θ0, and AF(2)(θ) is the array factor at the subarray level.
For simplicity, we will assume that the radiating antenna element pattern is omnidi-

rectional and focus on optimizing the array factor of the completely shared subarray.

2.2. Goal Pattern and Isoflux Beam Pattern Mask for the DBF Completely Shared
Subarray Optimization

The spherical shape of the Earth causes space loss variation between satellites and
ground users. Figure 2 shows the geometric model containing a satellite, a ground user,
and the Earth. As shown in Figure 2, H is the orbital altitude of the satellite, X is the
distance between the satellite and the ground user, R is the radius of the Earth, and θ is the
scanning angle of the phased array antenna on the satellite. According to [7], thereby, the
relationship between X and the other geometric variables can be written as:

R2 = X2 + (R + H)2 − 2X(R + H) cos(θ) (3)

According to Equation (3), X can be deduced as:

X = (H + R) cos θ −
√

R2 − (H + R)2 sin2 θ (4)

As is known, the space loss between the satellite and the ground user can be written as:

SpaceLoss = 20 log
(

4πX
λ

)
(5)

Normalized by the satellite orbit altitude H, space loss variation can be obtained
as follows:

SpaceLossnormlized = 20 log
X
H

= 20 log

(1 +
R
H

)
cos θ −

√
R2 − (H + R)2 sin2 θ

H

 (6)

According to Equation (6), using H = 36,000 km for geostationary satellites, Figure 3
shows the normalized space loss variation within −8◦ ≤ θ ≤ 8◦.

For phased arrays, the element radiation pattern determines scanning gain variation
during beam scanning. As an equivalent element of the ISDPA, the completely shared
subarray pattern should match the space loss variation within the required scanning range.
Therefore, the goal pattern of the completely shared subarray within the required scanning
range should be the same as path loss variation. Based on the space loss variation shown in
Figure 3, Figure 4 shows the isoflux beam pattern mask with low sidelobes for optimizing
the isoflux-shaped beam of the DBF shared subarray. This can be obtained by optimizing
the excitation coefficients

{
A(1)

i

}
for the first-stage DBF using numerical methods, such as

the DE algorithm.
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2.3. Design Steps of the ISDPA

Based on the scheme of the ISDPA and goal pattern for the DBF completely shared
subarray optimization above, the ISDPA design has the following steps:

Step 1: Calculate the normalized space loss variation based on the orbit altitude and
required scanning range using Equation (6).

Step 2: Set the sidelobe level of the shared subarray and generate an optimization mask
for the shared subarray’s isoflux beam pattern F(θ) based on the normalized space
loss variation obtained in step 1.

Step 3: Use element pattern and a numerical algorithm, e.g., DE algorithm, to optimize

the excitation coefficients
{

A(1)
i

}
of radiating elements in the shared subarray and

calculate the optimized shared subarray pattern F(θ).
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Step 4: Obtain the excitation coefficients
{

A(2)
n

}
of shared subarrays in the ISDPA by using

the Taylor distribution or other methods according to the sidelobe requirements of
the ISDPA.

Step 5: Based on the excitation coefficients
{

A(1)
i

}
and

{
A(2)

n

}
obtained from step 3 and

step 4, respectively, calculate the radiation patterns at different scanning angles of
the ISDPA using Equation (2).

To illustrate the proposed ISDPA optimization mechanism, a flow chart of the process
is shown in Figure 5.

Electronics 2023, 12, x FOR PEER REVIEW 6 of 11 
 

 

Figure 3. Normalized space loss variation in GEO satellites. 

For phased arrays, the element radiation pattern determines scanning gain variation 

during beam scanning. As an equivalent element of the ISDPA, the completely shared 

subarray pattern should match the space loss variation within the required scanning 

range. Therefore, the goal pattern of the completely shared subarray within the required 

scanning range should be the same as path loss variation. Based on the space loss variation 

shown in Figure 3, Figure 4 shows the isoflux beam pattern mask with low sidelobes for 

optimizing the isoflux-shaped beam of the DBF shared subarray. This can be obtained by 

optimizing the excitation coefficients  (1)

iA  for the first-stage DBF using numerical meth-

ods, such as the DE algorithm. 

 

Figure 4. Isoflux beam pattern mask of the DBF shared subarray beam optimization for geostation-

ary satellites. 

2.3. Design Steps of the ISDPA 

Based on the scheme of the ISDPA and goal pattern for the DBF completely shared 

subarray optimization above, the ISDPA design has the following steps: 

Step 1: Calculate the normalized space loss variation based on the orbit altitude and re-

quired scanning range using Equation (6). 

Step 2: Set the sidelobe level of the shared subarray and generate an optimization mask 

for the shared subarray’s isoflux beam pattern ( )F   based on the normalized space 

loss variation obtained in step 1. 

Step 3: Use element pattern and a numerical algorithm, e.g., DE algorithm, to optimize the 

excitation coefficients  (1)

iA  of radiating elements in the shared subarray and calcu-

late the optimized shared subarray pattern ( )F  . 

Step 4: Obtain the excitation coefficients  (2)

nA  of shared subarrays in the ISDPA by us-

ing the Taylor distribution or other methods according to the sidelobe requirements 

of the ISDPA. 

Step 5: Based on the excitation coefficients  (1)

iA  and  (2)

nA  obtained from step 3 and 

step 4, respectively, calculate the radiation patterns at different scanning angles of 

the ISDPA using Equation (2). 

To illustrate the proposed ISDPA optimization mechanism, a flow chart of the pro-

cess is shown in Figure 5. 

Figure 4. Isoflux beam pattern mask of the DBF shared subarray beam optimization for geostation-
ary satellites.

Electronics 2023, 12, x FOR PEER REVIEW 7 of 11 
 

 

Calculate normalized space loss variation

Generate optimization mask of Isoflux beam 
for the shared subarray

Obtain excitation coefficients            of 
radiating elements in shared subarray by DE

Obtain excitation coefficients            of shared 
subarrays in ISDPA by Taylor distribution 

Calculate radiation patterns            at different 
scanning angles of the ISDPA

( )E 

End

 (1)

iA

 (2)

nA

 

Figure 5. Flow chart of the ISDPA optimization mechanism. 

3. Numerical Results and Discussion 

3.1. Optimized Results of the DBF Completely Shared Subarray 

In this paper, excitation coefficients that generate an isoflux beam pattern for GEO 

satellites were obtained using the DE algorithm [19] in MATLAB. The analysis considers 

a linear DBF completely shared subarray of 16 elements with half-wavelength spacing, as 

shown in Figure 1. The radiating elements in shared subarrays are omnidirectional point-

source antennas with omnidirectional radiation patterns. The optimized excitation coeffi-

cients and numerically simulated pattern of the DBF completely shared subarray are 

shown in Table 1 and Figure 6, respectively. Figure 6 also represents the comparison be-

tween the optimized isoflux beam pattern and the space loss variation within 8 8-  

. It can be observed that the optimized isoflux pattern closely matches the space loss vari-

ation within this range and has low sidelobe levels better than −20 dB as well. 

Figure 5. Flow chart of the ISDPA optimization mechanism.



Electronics 2023, 12, 3850 7 of 10

3. Numerical Results and Discussion
3.1. Optimized Results of the DBF Completely Shared Subarray

In this paper, excitation coefficients that generate an isoflux beam pattern for GEO
satellites were obtained using the DE algorithm [19] in MATLAB. The analysis considers
a linear DBF completely shared subarray of 16 elements with half-wavelength spacing,
as shown in Figure 1. The radiating elements in shared subarrays are omnidirectional
point-source antennas with omnidirectional radiation patterns. The optimized excitation
coefficients and numerically simulated pattern of the DBF completely shared subarray are
shown in Table 1 and Figure 6, respectively. Figure 6 also represents the comparison be-
tween the optimized isoflux beam pattern and the space loss variation within −8◦ ≤ θ ≤ 8◦.
It can be observed that the optimized isoflux pattern closely matches the space loss variation
within this range and has low sidelobe levels better than −20 dB as well.

Table 1. The optimized excitation coefficients of the DBF completely shared subarray.

Element Index Magnitude (V) Phase (Degree)

1 0.1093 147.0
2 0.1213 20.0
3 0.2150 4.3
4 0.2765 1.5
5 0.2126 16.0
6 0.2265 93.5
7 0.5755 135.8
8 0.8834 137.1
9 1 146
10 0.9645 138.7
11 0.6246 132.3
12 0.2823 114.5
13 0.2121 36.8
14 0.2755 0
15 0.2588 0.5
16 0.0837 10.9
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3.2. Results of the ISDPA

A linear ISDPA with 16 DBF completely shared subarrays is designed, simulated,
and analyzed in this work. The distances between both the completely shared subarray
phase centers and the radiating elements are half of the wavelength. The ISDPA has two
sets of excitation coefficients for the first and second stage of the DBF network: weighted
values

{
A(1)

i

}
optimized using the DE method for an isoflux pattern at the element level

in the first stage, and weighted values
{

A(2)
n

}
with a −20 dB Taylor distribution at the

subarray level in the second stage. Using the optimized coefficients
{

A(1)
i

}
from Table 1

and
{

A(2)
n

}
with −20 dB Taylor weighting, Figure 7a presents the resultant ISDPA beam

scanning characteristics and comparison with space loss variation in MATLAB. Numerical
results indicate a maximum 0.13 dB deviation between scanning gain variation and path
loss variation, demonstrating the ISDPA’s excellent isoflux scanning characteristics.
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To compare the differences in beam scanning gain variation between the ISDPA and
traditional phased array antenna, a traditional linear phased array (TLPA) composed of
16 elements with an omnidirectional radiation pattern arranged according to Figure 1b is
designed and analyzed. The TLPA elements have a spacing of 0.5λ and share the same
excitation coefficients as the second-stage excitation coefficients

{
A(2)

n

}
used in the ISDPA.

Simulation results comparing the gain variation characteristics during beam scanning with
the space loss variation are shown in Figure 7b and Table 2, respectively. From Figure 7, it
can be observed that, compared to the TLPA, which cannot achieve a matched variation
between scanning gain and space loss, the scanning gain of the ISDPA is minimized in the
nadir direction without scanning, ascending with the increase in the beam scanning angle,
and it exhibits no grating lobes and a low sidelobe level performance better than −20 dB,
improving the interference rejection in the satellite communication system.

Table 2. Performance comparison between this work and the references for GEO satellites.

Reference Architecture Aperture

Gain Variation
Follows the
Space Loss
Variation

Electrically
Beam

Scanning

Sidelobe
Level

Max Deviation between
Scanning Gain

Variation and Space
Loss Variation

[12] Non-shared
subarray 7.2 λ Yes No −14 dB -

[15] Non-shared
subarray 6 λ Yes No −17 dB -

TLPA in this
work

Non-shared
subarray 8 λ No Yes ≤−20 dB 0.81 dB

ISDPA in this
work Shared subarray 8 λ Yes Yes ≤−20 dB 0.13 dB

Finally, a performance comparison between this work and related work for GEO
satellite applications is shown in Table 2. It is evident that the scanning gain variation
in the proposed ISDPA follows the space loss variation during electrical beam scanning
with low sidelobes, demonstrating isoflux scanning characteristics and enabling a constant
communication link in satellite communications.

4. Conclusions

This paper proposed an innovative isoflux scanning digital phased array antenna
(ISDPA) design based on a DBF completely shared subarray architecture. A new method to
obtain an isoflux beam pattern employing a DBF completely shared subarray and the DE
algorithm was presented, optimized, and analyzed. The numerical results indicated that
the novel proposed ISDPA is characterized by isoflux scanning, low sidelobe performance,
and no grating lobes during beam scanning for geostationary satellite applications.
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