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Benefiting from the characteristics of low orbit, path loss, and
transmission delay, low earth orbit (LEO) satellites and their con-
stellations are widely applied for communication [1], remote sens-
ing [2], and navigation [3]. The phased array antenna is the stan-
dard configuration of LEO satellites, enabling the simultaneous
realization of multiple, independent high-gain beams for achieving
wide area coverage, broadband transmission, multi-point sensing,
and other urgent needs.

However, the dynamic nature of the orbits of LEO satellites
poses unique challenges because the high velocity of LEO satellites
makes it difficult to achieve target tracking. Rapid beam-scanning
in LEO satellites is urgently needed to enable the satellites to track
high-speed targets [4,5]. To achieve such rapid motion, user termi-
nals on the ground must constantly accommodate changing satel-
lite positions. To maintain continuous communication, efficient
beam-scanning techniques are essential. With the proliferation of
user terminals, from smartphones to Internet-of-Things devices,
the demand for satellite systems that can quickly and accurately
direct beams toward numerous users has emerged. Hence, a fast
beam-scanning method is needed.

In this study, a low-complexity digital beamforming method
is proposed for beam-scanning in LEO satellites.
Figure 1, to track ground targets with a rapidly changing instan-
taneous angular velocity, beam-scanning should be faster than the
rate of change of the angular velocity per updating angle. The
various pattern requirements would result in a hard and compli-
cated synthesis task. Hence, the proposed method is designed
to transform an initial pattern with a shift of the given angle
to the desired one. The proposed method comprises two phases.
First, the initial pattern-related beamforming weight is determined
through a convex optimization process. Subsequently, the scan-
ning pattern-related beamforming vector is determined through
a low-complexity beamforming method, which exploits the initial
beamforming weight. The low-complexity beamforming process
is designed to be an orthogonal Procrustes problem, which guar-
antees the scanning pattern power and consistency between the
initial and scanning patterns. The scanning beamforming weight
has a closed-form solution without a complex operator, enabling
low-complexity computation.

Although the initial task in the proposed framework is a convex

As shown in
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optimization for computing the initial high-performance beam pat-
tern, this step is required only once. In many satellite applications,
the initial beam pattern remains unchanged for long periods, while
the beam needs to be scanned across a large angular region with
very low latency. The proposed method addresses this need by
enabling optimization-free steering after initialization, achieving
real-time performance with negligible computational cost. Unlike
the conventional phase-shift method, the proposed method offers
a superior trade-off between performance and complexity while af-
fording the superior ability to maintain the shape of the pattern
during scanning as well as the computational speed.

Methods. The proposed method is implemented in two stages:
initial pattern generation and low-complexity beamforming. First,
the expected pattern is obtained by generating the initial pattern.
Considering a uniform plane array (UPA) with M, and M, ele-
ments in the direction of the xz- and y-axis directions, where the
steering vector is a(f, ¢), the basic model of the beamforming in-
volves weighted summation of the steering vectors. Considering
the weight vector w € C¥| the field pattern F(6) in the direction
of @ is formulated as F(8) = w'a(8). For detection, a high con-
centration of radiation energy is required, and the directivity D of
the array is formulated as follows:

4mt|F(00)|?
D = Y7
ST, 1F(0)[2d0 W

where 0y denotes the direction of the mainlobe.

According to related research on beamforming, the directivity
of the array is convex, with the following equivalent transforma-
tion:

7T/2
max D < min / |F(6)2d0 = wha(@)a (O)w.  (2)
w w —n/2

Readers can refer to Appendix A for more information.
Similarly, assuming a given value 7, the sidelobe level of the
field pattern is formulated as follows:

|F(Osige)| = ‘WH “a(0side)| <M, 0side € Rsides (3)

info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-025-4860-6&domain=pdf&date_stamp=2026-7-8
https://doi.org/10.1007/s11432-025-4860-6
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-025-4860-6
https://doi.org/10.1007/s11432-025-4860-6

Tian Y T, et al.

Sci China Inf Sci

LEO
Satellite

,/Ground End1 /N
1 / N
2 VA N
% "

Atmosphere
Earth Surface

Figure 1

August 2026, Vol. 69, Iss. 8, 189304:2

AGF——

Scanning angle

Generated initial pattern Scanning pattern

(b)

(Color online) (a) Schematic of LEO satellite communicating with/detecting the ground end. 8 denotes the angle with respect to

the satellite and the Earth’s core. v denotes the angle with respect to the satellite and ground end. (b) Low-complexity beamforming process
for beam-scanning for achieving fast and low-degradation beam pattern scanning.

where Rg;qe denotes the set of sidelobe regions. Finally, to im-
plement the multi-beams, the mainlobe and other beams are con-
strained as wHa(fp, ¢po) = 1.

Comprehensively, the optimization problem is as follows:

minwHa(0, ¢)a" (0, p)w

s.t. |WHa(esidev ¢side)| <, {esidev ¢side} € Rsides
wHa(60,¢0) =1.

(4)

This is a convex problem and the determined w is recognized
to be the weight vector of the initial pattern.

Given the scanning angles, the low-complexity beamforming
process starting from the initial pattern and moving to the de-
sired scanning patterns is considered. First, the objective of the
low-complexity beamforming is designed. Set the weight vector of
the initial pattern as wo and one of the scanning patterns as wiy.
The scanning angles of elevation and azimuth are then assigned
as A6, A¢. In this study, the initial and scanning field values
are expected to be equal. It is proposed that wi can be deter-
mined by the least squares method. To guarantee constant power
of the system and prevent loss of generality, the constraint with
the unit power is introduced. The ultimate optimization problem
is formulated as follows:

minHWSIA(O7 0) —W?A(AevAd))Hi“ (5)
w1

s.t. wlwlf = IMIMy-

This is an orthogonal Procrustes problem, which is non-convex.
In this study, the problem is reformulated, and the closed-form
solution of wy is determined as follows:

(6)

wi = Ul 10",

where Ing, nr,x1 denotes the identity matrix with a size of
MMy x1; U € CMaMyxMzMy and o denote the left singular
matrix and right singular matrix of A (A6, A¢)AH(0,0)wq respec-
tively. Readers can refer to Appendix B for concrete formulations.

Numerical simulations. In this section, the proposed method
is verified by assessing two cases categorized by uniform linear
array and UPA, and is further explored by comparison with dif-
ferent methods employing various parameters. The methods used

for comparison are the improved genetic algorithm, mask-based
convex optimization (Mask-CVX), and conventional phase-shift
methods. The synthesized patterns, time cost, corresponding dif-
ferences in the peak sidelobe level, and fidelity of the shape of the
pattern are determined using the proposed method with different
parameters. The simulation results are presented in Appendix C.

Conclusion. This study proposes a low-complexity digital
beamforming method for addressing the fast beam-scanning re-
quirement of LEO satellites with high angular velocity, which uni-
versally requires real-time tracking using a multi-functional pat-
tern. First, the proposed method leverages a closed-form solution
to the orthogonal Procrustes problem, which negates the need
for computationally intensive operations. Second, the proposed
method facilitates the rapid synthesis of complicated patterns
with acceptable performance degradation compared to the ini-
tial pattern. Third, unlike universal beam-scanning methods, this
study introduces a low-complexity digital beamforming method
for beam-scanning, where the scanning time cost is as low as
0.01 ms. The method is particularly effective when a single high-
quality pattern is reused for extended periods, enabling repeated

fast scans without re-running costly optimization.
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