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Appendix A Derivation of equation (4)

Consider a UPA with Mx and My elements in the direction of the x- and y-axis directions, whose steering vector is formulated as

follows,

[ax(θ, φ)]mx =
1
√
Mx

e−j2π
dx
λ

(mx−1) sin θ cosφ,

[ay(θ)]my =
1√
My

e−j2π
dy
λ (my−1) cos θ,

(A1)

where θ, φ denotes the azimuth and elevation angle of the UPA, respectively.

The steering vector is formulated as follows,

a(θ) = vec(ax(θ, φ)⊗ ay(θ)), (A2)

where ⊗ denotes the Kronecker production operator, dx, dy denotes the space of the element in the x- and y-axis directions, respectively,

mx,my are their indexes of the vectors, vec(·) denotes the vectorization operator.

The received signal y(t) ∈ CMxMy can be formulated as follows,

y(t) = aH(θ, φ)s(t) + n, (A3)

where (·)H denotes the conjugate transpose operator, s(t) denotes the transmitted orthogonal waveform at the time t with a unit

modulus, and n denotes the gaussian noise with the power of σ2.

The basic model of the beamforming is conducted through the weighted summation of the steering vector. Consider the weight vector

w ∈ CMxMy , the power pattern F (θ, φ) at the direction of θ is formulated as follows,

F (θ, φ) =
∣∣∣wHy

∣∣∣2 = wHa(θ, φ)aH(θ, φ)w

=
∣∣∣wHa(θ, φ)

∣∣∣2, (A4)

where | · | denotes the modulus operator. For simple formulation, let ỹ(θ, φ) = wHa(θ, φ) to be the far-field radiation value.

With respect to the communication and detection purposes, the high concentration of radiation energy is required, described by the

directivity D of the array, and is formulated as follows,

D =
4πF (θ0, φ0)∫ 2π

0 dφ
∫ π
0 F (θ, φ)dθ

⇔
∫ 2π

0
dφ

∫ π

0
|F (θ, φ)|2dθ = wHa(θ, φ)aH(θ, φ)w, (A5)

where θ0, φ0 denotes the mainlobe direction.

Appendix B Derivation of equation (6)

In this part, given the scanning angles, the low-complexity beamforming process from initial pattern to the aimed scanning patterns is

considered. First, the objective of the low-complexity beamforming is designed. Let the weight vector of the initial pattern to be w0,

and the one of the scanning pattern to be w1, the scanning angles of elevation and azimuth are assigned to be ∆θ,∆φ. In this work,

the initial and scanning field values are expected to be equal, which can be formulated as follows,

wH
0 a(θp, φq) = wH

1 a(θp + ∆θ, φq + ∆φ), (B1)
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where θp, p = 1, 2, ..., Lθ and φq , q = 1, 2, ..., Lφ denotes the scanning angle, Lθ = b180/∆θc, Lφ = b180/∆φc denote the number of the

discrete angles in the scanning angle range.

An inspiration is that, w1 can be determined by the least square method based on the modified eq. (B1) as follows,

min
w1

∥∥∥wH
0 A(0, 0)−wH

1 A(∆θ,∆φ)
∥∥∥2
F
, (B2)

where A(∆θ,∆φ) = [a(θ1 + ∆θ, φ1 + ∆φ),a(θ1 + ∆θ, φ2 + ∆φ), ...,a(θLθ + ∆θ, φLφ + ∆φ)] ∈ CMxMy×LθLφ .

Besides, to guarantee the constant power of the system, and without loss of generality, the constraint with the unit power is introduced

as follows,

w1w
H
1 = IMxMy , (B3)

where IMxMy denotes the identity matrix with the size of MxMy×MxMy . The ultimate optimization problem is formulated as follows,

min
w1

∥∥wH
0 A(0, 0)−wH

1 A(∆θ,∆φ)
∥∥2
F

s.t. w1wH
1 = IMxMy .

(B4)

It is an orthogonal Procrustes problem, which is non-convex. To simplify the problem, the optimization objective is reformulated as

follows, ∥∥∥wH
0 A(0, 0)−wH

1 A(∆θ,∆φ)
∥∥∥2
F

=tr

((
wH

0 A(0, 0)−wH
1 A(∆θ,∆φ)

)H (
wH

0 A(0, 0)−wH
1 A(∆θ,∆φ)

))
=tr

(
AH(0, 0)w0w

H
0 A(0, 0)

)
− 2 ·wH

0 A(0, 0)AH(∆θ,∆φ)w1

+tr
(
AH(∆θ,∆φ)A(∆θ,∆φ)

)
,

(B5)

where tr(·) denotes the matrix trace operator. Since the first and third terms of eq. (B5) are constant and can be omitted, the

optimization objective can be transformed to be the second term of eq. (B5) as follows,

min
w1

∥∥wH
0 A(0, 0)−wH

1 A(∆θ,∆φ)
∥∥2
F

⇔ max
w1

wH
0 A(0, 0)AH(∆θ,∆φ)w1,

(B6)

the optimization problem can be reformulated as follows,

max
w1

(
A(∆θ,∆φ)AH(0, 0)w0

)H
w1

s.t. w1wH
1 = IMxMy .

(B7)

The singular value decomposition (SVD) of A(∆θ,∆φ)AH(0, 0)w0 is determined as follows,

A(∆θ,∆φ)AH(0, 0)w0 = Uqv∗, (B8)

where U ∈ CMxMy×MxMy denotes the left singular matrix, q = [σ, 0, ..., 0] ∈ CMxMy denotes the singular value vector, and v is the

value degenerated from the right singular matrix, (·)∗ denotes the conjugate operation.

The optimization objective of eq. (B7) can be reformulated as follows,

tr

((
A(∆θ,∆φ)AH(0, 0)w0

)H
w1

)
=tr

(
(Uqv∗)Hw1

)
= tr

(
qHvUHw1

)
=tr

(
qHz

)
=

N∑
i=1

q∗i zi,

(B9)

where z = vUHw1. Since the elements of q are zero except for the first one, and z is intrinsically orthogonal, the norm of z is 1, thus,

the optimization objective would be maximized when the first element of z is 1, that is,

N∑
i=1

q∗i zi 6
N∑
i=1

q∗i . (B10)

The equation holds when the first element of z is 1.

Hence, let q = IMxMy×1 = vUHw1, the solution of w1 is as follows,

w1 = UIMxMy×1v
∗, (B11)

where IMxMy×1 denotes the identity matrix with the size of MxMy × 1.
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Appendix C Evaluation

Appendix C.1 Simulation setup

In this section, the proposed method is verified through two cases categorised by ULA and UPA, and further explored by comparing

its performance with that of different methods under various parameters. With respect to the methods for contrast, the improved

genetic algorithm (IGA) [1], the mask-based convex optimization (Mask-CVX), and the simple phase-shift method are compared. The

Mask-CVX determines the beamforming by solving the following optimization.

min
w

t

s.t. aH(θ0, φ0)w = 1

aH(θside, φside)w < t.

(C1)

The element spacing is half of the wavelength in the ULA case, and similarly, the UPA case has the same spacing between the

neighbouring two elements. Without the special instruction, the number of the ULA elements in these cases is Mx = 16,My = 1, and

the number of the UPA elements in these cases is Mx = 14,My = 14.

For the evaluation metric, the peak side lobe level (PSLL) is introduced in this work. The calculation of PSLL in this work is

formulated as follows,

PSLL = max
θ,φ∈Rside

[|F (θ, φ)| − |F (θ, φ)max|] . (C2)

To evaluate the PSLL deterioration extent, the PSLL difference (PSLD) between the scanned beampattern PSLL1 and the initial

one PSLL0 is set as follows,

PSLD = PSLL1 − PSLL0. (C3)

Besides, to evaluate the mainlobe deterioration extent, the mainlobe gain loss between the initial and the scanning beampatterns is

set by the difference of the two mainlobe gains; to evaluate the beam shape distortion, the mean square error (MSE) between the initial

and the scanning beampatterns is introduced as follows,

MSE =
∑
θ

∑
φ

|F0(θ, φ)− F1(θ, φ)|2, (C4)

where F0(θ, φ) and F1(θ, φ) denote the initial and scanning beampatterns level at (θ, φ), respectively.

Appendix C.2 Evaluation results

In this part, the performances of the proposed method are evaluated on the ULA and UPA cases of different constraints. The time

costs, the patterns and the corresponding PSLDs of the proposed method with different parameters are determined, respectively, to

showcase the effectiveness and validation.

Appendix C.2.1 ULA case

In this case, the performance of the proposed method is verified on ULA. First of all, given the required SL level of -21 dB, the

effectiveness of the proposed method is evaluated through a comparison with Mask-CVX, IGA, and phase-shift method, and the time

costs are verified through 10,000 times Mont-Carlo simulations. The synthesised patterns are compared in Fig. C1, the time costs are

compared in Fig. C2, and the corresponding PSLDs and mainlobe losses are listed in Table. C1 and Table. C2, respectively. It is

observed that Mask-CVX and IGA are capable of synthesizing the patterns satisfying the required SL in each scanning angle, while the

proposed method synthesizes the patterns with the PSLDs of maximally 1.21 dB; the phase-shift method achieves the fastest synthesis

within 0.1 ms, while the mainlobe level deteriorates for 1.64-2.42 dB, and the PSLDs reach 4.24 dB, showcasing its drawback in keeping

performance-complexity trade-off. Despite the loss of SL, the proposed method receives the fastest computation time of 0.08-0.19 ms,

while the Mask-CVX and IGA receive the time costs larger than the proposed method for 2.9-6.9 ms. The comparison demonstrates the

effectiveness of the proposed method with an accepted SL loss and a low complexity computation property. As discussed in the letter,

the computational complexity of digital beamforming algorithms is often inversely related to their achievable pattern performance. This

trade-off is clearly reflected in our simulation results. Fig. C2 shows that the proposed method achieves a main-lobe gain and sidelobe

level close to those of Mask-CVX and IGA, with only a slight degradation.

Table C1 The PSLD comparison by four methods in different scanning angles.

PSLD/dB -20◦ -15◦ -10◦ -5◦ 0◦ 5◦ 10◦ 15◦ 20◦

Proposed Method 1.26 0.85 0.8 0.69 0 0.69 0.8 0.85 1.26

Mask-CVX 0 0 0 0 0 0 0 0 0

IGA 0 0 0 0 0 0 0 0 0

Phase-Shift 2.78 2.45 2.52 2.85 0 0.24 1.00 2.69 4.24
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Figure C1 Scanning patterns by four methods in different scanning angles.

Table C2 The mainlobe gain loss comparison by four methods in different scanning angles.

Mainlobe Gain Loss /dB -20◦ -15◦ -10◦ -5◦ 0◦ 5◦ 10◦ 15◦ 20◦

Proposed Method -0.06 -0.07 -0.07 -0.07 0 -0.07 -0.07 -0.07 -0.06

Mask-CVX 0 0 0 0 0 0 0 0 0

IGA 0 0 0 0 0 0 0 0 0

Phase-Shift -2.21 -1.64 -1.68 -1.71 0 -1.86 -1.90 -2.34 -2.42
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Figure C2 The computation time costs comparison of the four

methods with different scanning angles.
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Figure C3 The MSEs comparison of the four methods with

different scanning angles on the ULA case.

Besides, to evaluate the beam shape distortion of the proposed method, the MSE between the scanning and initial patterns by

different methods are compared in Fig. C3. The MSE quantifies the distortion between the scanning and initial beam patterns, with

lower values indicating better pattern preservation. At a scanning angle of 0◦, all methods exhibit an MSE of approximately 0.5. As

the absolute scanning angle increases, MSE rises symmetrically for each method, forming a V-shaped profile. The proposed method

achieves MSE values of 4 at ±5◦, 12 at ±10◦, 18 at ±15◦, and 22 at ±20◦. In comparison, Mask-CVX yields MSEs of 6, 10, 15, and 18

at these respective angles; GA produces 5, 11, 16, and 20; and phase-shift results in 7, 14, 20, and 24. The proposed method consistently
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Figure C4 Scanning patterns by the proposed method with different required SL.

demonstrates the lowest MSE at larger angles (|θ| > 10◦), with reductions of up to 8% relative to phase-shift at ±20◦, underscoring its

enhanced ability to maintain beam shape integrity during wide-angle scanning.

Second, the influence of the required SL values on the proposed method is verified to explore its performance limit. The initial

patterns with the given SL values of -15, -18, -21, -24, -27, and -30 dB, and the mainlobe at 0◦ are generated respectively. The patterns

generated by the proposed method in different scanning angles and required SLs are shown in Fig. C4. By contrast, the generated initial

patterns satisfy the required SL levels, and the mainlobe is generated in the correct direction. It is observed that the proposed method

achieves the scanning processes under different required SLs, while the scanning patterns have different extents of SL deterioration, and

the higher the required SL is, the worse the SL deterioration would be. For further investigation, given the initial pattern with the

mainlobe direction to be 0, the PSLDs with different required SLs and scanning angles are compared in Fig. C5. It is shown that with

a change of the scanning angles, the SLs deteriorate to different extents, and with an increase of the required SLs, the PSLD tends

to be worse, while the worst case comes to be 6.79 dB with a large scanning angle of ±20◦ and a strict SL requirement of -30 dB.

Comprehensively, the larger and greater the scanning angle and required SL are, the greater the PSLD will be.
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Figure C5 The PSLDs of the patterns in each scanning angle with

different required SL.

Figure C6 The time costs of the proposed method in each scan-

ning angle versus the number of elements in the ULA case.

The computational complexity of the proposed method versus the number of elements is evaluated. In this part, the number of the

ULA elements varies from 16 to 512, and the time costs in different scanning angles are compared as well. To eliminate randomness,

10,000 Monte-Carlo simulations are held. The time costs are compared in Fig. C6. The time costs of the proposed method are in
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Figure C7 Diagram of the scanning patterns by the proposed methods with different scanning angles and required SLs in the multibeam ULA

case.

the order of milliseconds. The time costs are significantly proportional to the number of elements. Within 64 elements, the time costs

are 0.01-0.92 ms, while the time costs are above 1 ms when the number of elements is greater than 128, maximally 4.89 ms given 512

elements. The time costs have no significant proportion with the scanning angle, since the variation of the scanning angle results in no

increase in data quantity.

To verify the superior ability of the proposed method to maintain the pattern shape during scanning, here introduces a more

complicated multibeam low-SL beampattern scanning case on ULA. The initial pattern consists of two lobes locating at 0◦ and 20◦,
with the given SL values of -15, -18, -21, -24, -27, and -30 dB. The scanning pattern is synthesised with the stepsize 10◦ of the scanning

angles from -20◦ to 20◦.

The patterns generated by the proposed method in different scanning angles and required SLs are shown in Fig. C7. Likewise, the

generated initial patterns satisfy the required SL levels, and the lobes are generated in the correct direction. It is observed that the

proposed method achieves the scanning processes under different required SLs, while the scanning patterns have different extents of SL

deterioration. The SL deterioration is shown in Fig. C8, the higher the required SL is, the worse the SL deterioration would be.

In this case, the computation complexity of the proposed method versus the number of elements is evaluated as well. In this part, the

number of the ULA element varies from 16 to 512, and the time costs in different scanning angles are compared as well. To eliminate

randomness, the 10,000 Monte-Carlo simulations are held. The time costs are compared in Fig. C9. The time costs of the proposed

method are in the order of milliseconds. The time costs are positively proportional to the number of elements significantly. Within

64 elements, the time costs are 0.01-0.92 ms, while the time costs are above 1 ms when the number of elements is greater than 128,

maximally 4.89 ms given 512 elements. According to the results above, it is also concluded that the time costs have no significant

proportion with the scanning angle, since the variation of scanning angle results in no increase in data quantity.
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Figure C8 Diagram of the PSLD comparison with different

scanning angles and required SLs in the multibeam ULA case.

Figure C9 The time costs of the proposed method in each scan-

ning angle versus the number of elements in the multibeam ULA

case.
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Figure C10 Comparisons of beamwidths and normalized power of beams by the proposed methods with different scanning angles and required

SLs in the multibeam ULA case.

Besides, to demonstrate the superior ability of the proposed method on pattern-shape maintenance, the scanning consistency of

beamwidth and power balance between beams is analyzed. Fig. C10 illustrates the evolution of beamwidth and normalized mainlobe

power of the two beams located at θ0 = -10◦ and θ0 = 10◦ under different scanning angles and required SL levels. From the perspective

of beamwidth stability, both beams exhibit only mild broadening as the scanning angle increases. For moderate SL constraints, the 3

dB beamwidth of each beam varies within approximately ±0.55◦ over the entire scanning range. Even under the most stringent SL

constraint of -30 dB, the maximum beamwidth increase remains below about 1.1◦, indicating that the proposed method effectively

limits beam shape distortion in multi-beam scenarios. Regarding power balance between beams, the normalized power curves of the two

beams remain highly symmetric with respect to the scanning angle. For all SL constraints considered, the inter-beam power difference

is generally below 0.5 dB, and no abrupt power imbalance is observed as the beams are jointly scanned. The maximum normalized

power degradation of each beam is within approximately 0.8-0.9 dB at large scanning angles and high SL requirements. Finally, it

is observed that stricter SL constraints lead to slightly increased beamwidth broadening and power loss, which reflects an inherent

trade-off between sidelobe suppression and beam-shape preservation. Nevertheless, the proposed method maintains consistent relative

beam characteristics across beams, rather than optimizing each beam independently, which is essential for preserving spatial fairness

and link balance in multi-user satellite systems.

Appendix C.2.2 UPA case

In this case, the performance of the proposed method is verified on UPA. The initial pattern is generated by solving the optimization

problem eq. (4) using the CVX toolbox. In the initial pattern, the SL is required to be -21 dB, and the mainlobe direction is fixed to

be θ0 = 0◦, φ0 = 0◦. First of all, the effectiveness of the proposed method is evaluated through a comparison with Mask-CVX, IGA,

and the phase shift method. The scanning pattern is synthesised with the scanning angle (∆θ,∆φ) of (-15◦,-15◦) from (30◦,30◦) to

(-30◦,-30◦).

As shown in Fig. C11, the initial pattern satisfies the required SL, and the scanning process is held at each scanning angle, and

further illustrates that the scanning patterns of the proposed method preserve the mainlobe shape and sidelobe structure well even at

±30◦, with only minor broadening and level elevation, in contrast to the severe distortion and degradation observed in the phase-shift

patterns, which show noticeable sidelobe elevation and mainlobe asymmetry. The detailed PSLDs are shown in the Table. C3. The SLs

of the scanning patterns are all close to -21 dB, compared with the initial pattern, the proposed method results in the PSLD maximum

1.46 dB, while Mask-CVX results in the PSLD of maximum 0.79 dB, IGA results in the PSLD of 0.95 dB, and the conventional

phase-shift method 2.35 dB. In terms of mainlobe gain loss, as detailed in Table C4, the proposed method exhibits a maximum loss

of 0.24 dB (at 30◦,30◦), comparable to Mask-CVX (0.09 dB) and IGA (0.08 dB), whereas phase-shift suffers significantly larger losses
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Figure C11 Diagram of the scanning patterns by four methods with different scanning angles in the UPA case.

of up to 4.90 dB at large angles. Furthermore, the computation time costs of the four methods are compared in Fig. C12, which

are verified through 10,000 times Mont-Carlo simulations as well. The time cost of the proposed method converges at 0.23-0.40 s,

while the Mask-CVX and IGA methods are higher than the proposed method for 2.77-6.62 ms, the conventional phase-shift method

is faster than the proposed method for 0.01-0.02 s. Likewise, as aforementioned in the letter, the trade-off between the computational

complexity of digital beamforming algorithms and the achievable pattern performance is clearly reflected in the simulation results.

These results clearly demonstrate the trade-off between computational complexity and pattern quality: the proposed method achieves

performance close to that of computationally intensive optimization-based approaches in terms of PSLD and gain loss, while offering a

significant improvement over the traditional phase-shift method in maintaining beam shape integrity, thereby confirming its effectiveness

for low-complexity, real-time beam-scanning in LEO satellite applications.

Figure C12 The time costs of the proposed method in each

scanning angle versus the number of elements in the UPA case.
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Figure C13 The MSEs comparison of the four methods with dif-

ferent scanning angles on the UPA case.
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Figure C14 Diagram of the scanning patterns by the proposed methods with different scanning angles and required SLs in the UPA case.

To quantitatively evaluate the beam shape distortion during beam scanning on the UPA, the MSE between the scanned and initial

beampatterns is compared for different methods. As shown in Fig. C13, as the scanning angle increases, the MSE grows symmetrically,

reflecting increasing pattern distortion. At moderate scanning angles for 15◦, the proposed method yields an MSE of approximately 50,

which is lower than that of the phase-shift method by 62%, while remaining comparable to Mask-CVX and IGA. At larger scanning

angles for 30◦, the MSE of the proposed method increases to around 50, which is reduced by approximately 63% compared with

the phase-shift method. Although optimization-based Mask-CVX and IGA methods achieve lower MSE values, the proposed method

consistently maintains significantly lower distortion than the conventional phase-shift approach, demonstrating an effective trade-off

between beam shape preservation and computational complexity for UPA beam scanning.

Table C3 The PSLDs of the four methods in the UPA case with

different scanning angles. (Unit/dB)

Methods -30◦ -15◦ 0◦ 15◦ 30◦

Proposed method 1.46 1.08 0 0.82 1.46

Mask-CVX 0.51 0.79 0 0.11 0.11

IGA 0.95 0.17 0 0.17 0.95

Phase-Shift 2.31 1.81 0 0.85 1.45

Table C4 The mainlobe gain loss comparison by four methods in

different scanning angles on the UPA case. (Unit/dB)

Mainlobe Gain Loss/dB -30◦ -15◦ 0◦ 15◦ 30◦

Proposed Method 0.23 0.11 0 0.11 0.24

Mask-CVX 0.09 0.01 0 0 0.02

IGA 0.08 0 0 0 0.01

Phase-Shift 4.88 3.08 0 3.17 4.9
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Figure C15 Diagram of the computation time cost compar-

ison of the four methods in the UPA case.

Table C5 The PSLDs of the proposed method in the UPA case with

different scanning angles versus different required SLs. (Unit/dB)

Required SL -30◦ -15◦ 0◦ 15◦ 30◦

-35 dB 0.15 0.12 0 0.12 0.15

-45 dB 1.94 1.45 0 1.45 1.94

-55 dB 2.12 1.12 0 1.12 2.12
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Figure C16 Diagram of the scanning patterns by the proposed methods with different scanning angles and required SLs in the multibeam

UPA case.

Figure C17 The time costs of the proposed method in each scan-

ning angle versus the number of elements in the multibeam UPA case.

Table C6 The PSLD of the proposed method in the multibeam

UPA case with different scanning angles. (Unit/dB)

Required SL -30◦ -15◦ 0◦ 15◦ 30◦

-35 dB 1.99 0.99 0 0.77 1.11

-45 dB 3.40 2.83 0 0 1.53

-55 dB 9.38 5.09 0 5.02 4.28

Subsequently, the performances of the proposed method with different required SLs are evaluated on UPA for performance limit

exploration. The scanning pattern is synthesised with the stepsize (15◦,15◦) of the scanning angles from (-30◦,-30◦) to (30◦,30◦). The

initial patterns are synthesised by eq. (4) with required SLs of -35, -45, and -55 dB, and the scanning patterns are shown in Fig. C14,

along with the PSLDs in each scanning angle versus required SLs in Table. C5. By contrast, the generated initial patterns satisfy

the required SL levels, and the mainlobe is generated in the correct direction. It is observed that the proposed method achieves the

scanning processes under different required SLs, while the scanning patterns exhibit varying extents of SL deterioration, and the higher

the required SL is, the worse the SL deterioration would be. For further investigation, given the initial pattern with the mainlobe

direction to be 0. It is shown that with change of the scanning angles, the SLs deteriorate to different extents, and with an increase of

the required SLs, the PSLD tends to be worse, while the worst case comes to be 2.12 dB with a large scanning angle of ±30◦ and a

strict SL requirement of -55 dB. Similarly, as the conclusion on ULA, the larger and greater the scanning angle and required SL are,

the greater the PSLD will be.

Furthermore, the computation complexity of the proposed method with different number of elements is evaluated on UPA, the number

of the ULA element varies from 16× 16 to 32× 32, and the time costs in different scanning angles are compared as well. Likewise, to

eliminate randomness, the 10,000 Monte-Carlo simulations are held. The time costs are compared in Fig. C15. On the UPA case, the

time costs of the proposed method are in the order of seconds. The time costs are positively proportional to the number of elements

significantly as well. Within 28 × 28 elements, the time costs are 0.11-0.98 s, while the time costs are above 1 s when the number of

elements is greater than 28 × 28, maximally 1.46 s. The time costs have no significant proportion with the scanning angle, since the
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Figure C18 Comparisons of beamwidths and normalized power of beams by the proposed methods with different scanning angles and required

SLs in the multibeam UPA case.

variation of scanning angle results in no increase in data quantity as well. In contrast, Fig. C15 demonstrates that our method requires

only 0.1 second-level processing on UPA, which is orders of magnitude faster than optimization-based algorithms. These results confirm

that our method provides a good balance between pattern fidelity and computational efficiency, making it suitable for real-time LEO

satellite beam scanning applications.

To further verify the superior ability of the proposed method to maintain the pattern shape during scanning, here introduces a

complicated multibeam low-SL beampattern scanning case on UPA. The initial pattern consists of two lobes locating at (20◦, -20◦) and

(-20◦, 20◦), with the given SL values of -35, -45, and -55 dB. The scanning pattern is synthesised with the stepsize (15◦,15◦) of the

scanning angles from (-30◦,-30◦) to (30◦,30◦).
The patterns generated by the proposed method in different scanning angles and required SLs are shown in Fig. C16. Likewise, the

generated initial patterns satisfy the required SL levels, and the lobes are generated in the correct direction. It is observed that the

proposed method achieves the scanning processes under different required SLs, while the scanning patterns have different extents of SL

deterioration. The SL deterioration is shown in Table. C6, the higher the required SL is, the worse the SL deterioration would be.

Besides, the computation complexity of the proposed method versus the number of elements is evaluated as well. the number of the

multibeam UPA element varies from 16× 16 to 32× 32, and the time costs in different scanning angles are compared as well. Likewise,

to eliminate randomness, the 10,000 Monte-Carlo simulations are held. The time costs are compared in Fig. C17. On the UPA case,

the time costs of the proposed method are in the order of seconds. The time costs are positively proportional to the number of elements

significantly as well. Within 28 × 28 elements, the time costs are 0.11-0.98 s, while the time costs are above 1 s when the number of

elements reaches 32× 32, maximally 1.91 s. The time costs have no significant proportion with the scanning angle, since the variation

of scanning angle results in no increase in data quantity as well. In contrast, Fig. C17 demonstrates that our method requires only

millisecond-level processing, which is orders of magnitude faster than optimization-based algorithms. These results confirm that our

method provides a good balance between pattern fidelity and computational efficiency, making it suitable for real-time LEO satellite

beam scanning applications.

Likewise, Fig. C18 further investigates the scanning consistency of beamwidth and power balance in a more challenging UPA-based

multibeam scenario, where two beams are simultaneously steered to (20◦, −20◦) and (−20◦, 20◦) under different SL constraints. From

the perspective of beamwidth preservation, the proposed method exhibits the same behavior along both the θ-axis and φ-axis, thus

the beamwidths at θ-axis and φ-axis are shown with an identical plot line. For a moderate SL requirement of -35 dB, the beamwidth

variation of each beam remains within approximately 0.05◦ - 0.08◦ over the entire scanning range from −30◦ to 30◦. When the SL

constraint is tightened to -45 dB and -55 dB, the maximum beamwidth fluctuation slightly increases but still stays below 0.1◦, indicating

that the proposed method effectively suppresses beam broadening even under stringent sidelobe suppression requirements. Regarding

power balance between beams, the normalized mainlobe power curves of the two beams remain closely aligned and symmetric throughout

the scanning process. For SL = -35 dB, the inter-beam power difference is consistently below 0.23 dBm, while for SL = -35 dB and -45

dB, the maximum power imbalance increases marginally to 0.25 dB and 0.27 dB, respectively. Even at large scanning angles of ±30◦,
no abrupt power divergence is observed between the two beams. It is also observed that stricter SL constraints introduce a slightly

higher sensitivity of power loss near broadside, which reflects the inherent trade-off between sidelobe suppression and mainlobe energy

concentration. Nevertheless, this effect impacts both beams in a nearly identical manner, thereby preserving the relative power balance

and spatial fairness required in multi-user satellite systems.
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