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Abstract—Supporting IoV is an important application scenario
of 5G. For the lack of 5G terrestrial infrastructure, LEO
satellite network has become the focus of research. LEO mega-
constellations can provide high-speed, secure and full-time global
network services for M2M and IoT in 5G network, with its short
delay, low path loss and large number of satellites. With the
application of mmWave and Massive MIMO, mega-constellation
puts forward higher requirements for the accuracy of beam
pointing. Frequent beam switching, or channel estimation, will
produce greater overhead. According to the angle information
for the terminal initiates the access request, and the estimation
of the satellite trajectory, the beam direction of the satellite is
predicted. By continuously adjusting the beam, the frequency of
beam switching is reduced, and the overhead of angle estimation
is reduced.

Index Terms—Beyond 5G, Satellite communication, Staring
beamforming

I. INTRODUCTION

At present, 5G (the 5th Generation mobile communication)
has been gradually commercialized. However, the function of
5G is still improving. Since the past four generations of mo-
bile communication are mainly working on person-to-person
communication, the 5G needs to achieve the goal of person-
to-things, things-to-things, and ultimately interconnection of
all things. And providing support for IoV is an important
application scenario of 5G [1]. Due to political, economic
and natural factors, there are still many blind areas of mobile
communication around the world. Actually, according to [2],
more than 30% of the global population can not access to
the mobile communication networks. The reason why it is
difficult to access the Internet is that mobile communication
relies too much on the terrestrial infrastructure. By contrast,
satellite communication system has the characteristics of wide
coverage, long communication distance, distance-independent
cost, and infrastructure unaffected by disasters. So satellite
communication system can provide low-cost communication
coverage solutions for areas with weak 5G coverage, and
provide high-speed and secure wireless communication net-
work access services for local users. Satellite communication
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system can also provide network services for M2M (Machine-
to-Machine) and IoT (Internet-of-Things) in 5G network.

Because of its characteristics and advantages, satellite
communication system has attracted much attention. Many
companies have proposed their own LEO (Low Earth Orbit)
mega-constellations[3–6]. However, LEO satellites have lower
orbital altitude, which means the visible time with terrestrial
terminals is limited. Especially with the increase of commu-
nication frequency band, the transmission loss also increases.
The satellite beam needs more flexible adjustment and more
accurate alignment.

For satellite communications, multiple-antenna techniques
can provide spatial degree of freedom, which is a key technol-
ogy in the development of satellite networks [7]. And multiple-
antenna beamforming technique can achieve better capacity
performance and mitigate interference, which is an important
part for satellite to support IoV. In this paper, we propose a
staring beamforming method for LEO satellite antenna array.
This method predicts the angle change between the satellite
and the terminal according to the orbit information of the
satellite, and then adjusts the beam direction. It is applicable
to both sides of satellite communication, and can cope with
beam pointing offset caused by continuous motion and attitude
change.

We describe the scenario and model in section II. And the
staring beamforming method will be introduced in section III.
In section IV, we would give some performance evaluation, to
prove the staring beamforming method’s superiority. Finally,
the conclusion would be drawn in section V.

II. SCENARIO AND MODEL DESCRIPTION

A. Antenna Array Model

The antenna array model is a classical rectangular grid array.
Place the array on the plane YOZ, facing the positive direction
of the X-axis. The total number of the antenna elements is
N. N = Ny × Nz . Assuming that the antenna elements
are isotropic antennas and equidistance. And the directivity
function of the antenna elements f�(θ, φ) is equal to 1, so
that we can analyze the the directivity function of the antenna
array directly.

F (θ, φ) = Fa(θ, φ)f�(θ, φ) = Fa(θ, φ) (1)

96978-1-6654-9927-9/22/$31.00 ©2022 IEEE APCC 2022



y

z

x

O

B

B

Target region

Fig. 1. The relative position of the antenna pointing direction and the array
plane.

Affected by the attitude control system, the X-axis of the
antenna array is always vertical to the ground and points to
the center of the earth. The Y-axis is parallel to the equatorial
plane. Use θ and φ to describe the pointing direction of the
array, as shown in Fig. 1. The directivity function of the
antenna array is shown in (2).

F (θ, φ) =

N−1∑
i=0

ai exp

(
j
2π

λ

[
midz sin θ

−midzΔΦβ + nidy cos θ sinφ− nidyΔΦα

]) (2)

The ai is feed coefficient of the i-th element. (midz, nidy)
are used to describe the distance between the element and
the center of the antenna array. And the parameter (mi, ni)
is determined by the position of the element. ΔΦβ and ΔΦα

are limited by the pointing direction (θB , φB) of the antenna
with (3).

{
ΔΦβ = sin(θB)
ΔΦα = sin(φB) cos(θB)

(3)

B. Channel Model

The common Ricean channel model is used for satellite
communication, and the selection of parameters is based on
the suggestions given in the 3GPP technical report 38.811.

For the s-th transmitting antenna and the u-th receiving
antenna, the coefficients in the channel matrix are shown in 4.
It consists of two parts, namely, line of sight (LOS) path and
multipath component.

Hu,s(τ, t) =

√
1

KR + 1
HNLOS

u,s (τ, t)

+

√
KR

KR + 1
HLOS

u,s (τ, t)δ(t− τ1)

(4)

The expression of LOS component is shown in 5. The 4
parts correspond to the phase changes caused by different
reasons, which are transmission distance, receiving antenna

phase offset, transmitting antenna phase offset, and Doppler
frequency shift.

HLOS
u,s (t) = exp

(− j2π
d3D
λ0

)
exp

(
j2π

r̂Trx,LOS · drx,u
λ0

)

· exp (j2π r̂
T
tx,LOS · dtx,s

λ0

)
exp

(
j2π

r̂Trx,LOS · v
λ0

t
)

(5)
The NLOS component can be written as the sum of mul-

tipaths. In the expression of each path, there are 3 factors
affecting the phase, which correspond to the receiving antenna
phase offset, the transmitting antenna phase offset, and the
Doppler frequency shift in turn. The angle information of
different paths is generated according to the 3GPP report.

HNLOS
u,s (τ, t) =

N∑
n=1

HNLOS
u,s,n (t)δ(τ − τn)

HNLOS
u,s,n (t) =

√
Pn

M

M∑
m=1

[
exp

(
j2π

r̂Trx,n,m · drx,u
λ0

)

· exp (j2π r̂
T
tx,n,m · dtx,s

λ0

)
exp

(
j2π

r̂Trx,n,m · v
λ0

t
)]

(6)
Satellite communication channel is very sensitive to the

angle information of LOS path. Combining the antenna model
and the channel model, the process of the satellite passing
over the terminal is simulated. The red circle indicates that
perfect CSI is used for real-time beamforming, and the blue
triangle indicates that LOS angle information is used for beam
adjustment. The dotted line corresponding to the color is their
regression line. The results show that, whether in low elevation
or high elevation scenarios, the performance of beamforming
using perfect CSI is slightly higher than relying on the angle
information of LOS path. The gain difference is less than 1dB.

Fig. 2. Array Gain of Low Elevation Scenarios.

Fig. 3. Array Gain of High Elevation Scenarios.
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C. Beamforming Strategy

There are lots of beam-forming algorithms, which can be
selected. Each has its own merits. However, in order to adjust
beam pointing flexibly, we choose the LCMV algorithm [9].
Since the LCMV algorithm is based on convex optimization,
it can give the analytical solution of the weight vector. The
LCMV algorithm has superiority on computational complexity
and computational speed.

1) Classical LCMV algorithm: The LCMV algorithm aims
to ensure that the radiant power of the service area meets
requirements. And it would reduce the total transmitting power
of the antenna array to the minimum.

Take the receiving antenna as an example. Assuming that
the antenna has N elements. For each element, we sampled
L times. So we get matrix X, which is a N × L sampling
matrix.

X =

⎛
⎜⎝

x1(1) . . . x1(L)
...

. . .
...

xN (1) . . . xN (L)

⎞
⎟⎠ (7)

We use W to represent the weight column vector. And X(i)
is the i-th column vector of the matrix X, which means the
simpling of the array at time i. To reduce the antenna output
power to minimum, we need to know the expression of the
output power. The antenna output at i is (8).

y(i) = WHX(i) = XH(i)W (8)

And the output power at i is (9).

E[y2(i)]=E[WHX(i)XH(i)W]
=WHRXXW

(9)

The RXX is the autocorrelation matrix of X(i).

RXX = E[X(i)XH(i)] (10)

If the service area is at (θB , φB), we can get the directivity
function of each element at there. We can express it with a
column vector C.

C =

⎛
⎜⎜⎜⎝

exp[j 2π
λ (m1dzΔΦβ + n1dyΔΦα)]

exp[j 2π
λ (m2dzΔΦβ + n2dyΔΦα)]

...
exp[j 2π

λ (mNdzΔΦβ + nNdyΔΦα)]

⎞
⎟⎟⎟⎠ (11)

We hope that with the help of W, the normalized radiated
power could be 1. The mathematical expression is (12).

WHC = 1 (12)

Our purpose is to achieve the minimization of the total
output power. The problem of finding the optimum weights
W can be summurized by (9) and (12).

minimize WHRXXW
subject to WHC = 1

(13)

The (13) is a convex problem. And the solution of it can be
found bu the method of Lagrange multipliers. The derivation
process is shown in [8]. The optimal weight vector is (14)

Wopt = R−1
XXC[CHR−1

XXC]−1 (14)

2) Diagonal loading technique: When the number of sam-
ples is small, the noise eigenvalue spread is large. It makes
the antenna form randomly shaped noise eigenbeams. And
the sidelobe level rise. That means the total output power
would be wasted. To solve this problem, the [9] developed a
kind of improved LCMV algorithm based on diagonal loading
technique.

R�
XX = RXX + γI (15)

I is the identity matrix. And γ is a real constant representing
a small load level. We can use (15) to replace the RXX in
(14). And the solution of the optimal weight vector changes
into (16).

Wopt = (RXX + γI)−1C[CH(RXX + γI)−1C]−1 (16)

The noise eigenvalue spread is minimized by the diagonal
loading technique. And the random noise eigenbeams is re-
duced. The performence of the antenna array could be better.
Fig. 4 shows the simulation of classical LCMV algorithm. And
Fig. 5 shows the simulation of improved LCMV algorithm
based on diagonal loading technique. Through the two figures,
we can find out that the sidelobe level is reduced by the
diagonal loading technique.
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Fig. 4. Simulation of classical LCMV algorithm.

III. STARING BEAMFORMING METHOD

The satellite can obtain the angle information from the
terminal through the pilot signal. Therefore, the antenna array
can adjust the beam pointing to the terminal according to
the angle information. Frequent adjustment means high pilot
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Fig. 5. Simulation of improved LCMV algorithm based on diagonal loading.

signal overhead. At the same time, it is accompanied by a large
number of matrix inversion operations. With the increase of
scale, the computation of inverse is huge. Staring beamforming
needs to reduce angle information estimation and inverse
operation.

The on orbit motion of satellites has a very strong law.
Therefore, it is easy to obtain the position of satellite. After
obtaining angle information, the terminal position can be
calculated through coordinate transformation. Then, according
to the motion law of the satellite, the change of the beam
pointing angle can be calculated.

Assuming the initial value of the pointing angle is (θB , φB).
After t seconds, the pointing angle becomes (θB+θt, φB+φt.
In the directivity function, the phase factor changes.

⎧⎨
⎩

ΔΦβ,t ≈ sin(θB) + cos(θB) sin(θt)
ΔΦα,t ≈ sin(φB) cos(θB) + sin(φB) sin(θB) sin(θt)
+ cos(φB) cos(θB) sin(θt)

(17)
Thus, the angle change (θt, φt) can be obtained through

the prediction of the satellite position. Then the weight vector
expression is obtained.

Wstaring = M1WoptM2M3 (18)

where M1, M2 and M3 are diagonal matrix, whose diagonal
elements are shown in 19.

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

m1(i) = exp

�
j 2idπ

λ

�
cos(θB) sin(θt)

��

m2(i) = exp

�
j 2idπ

λ

�
sin(φB) sin(θB) sin(θt)

��

m3(i) = exp

�
j 2idπ

λ

�
cos(φB) cos(θB) sin(θt)

��
(19)

IV. PERFORMANCE EVALUATION

The staring beamforming method does not need to be
iterated, and can quickly obtain the beamforming weight
vector. For the simulation of staring beamforming, suppose the
terrestrial target is located in Harbin, China. The location of
terrestrial target is 127◦E, 45◦W . LEO satellite orbit altitude
is 800 km. The specific satellite simulation parameters are
shown in Table. I.

TABLE I
ORBIT PARAMETERS OF SATELLITE SIMULATION

Parameter Value
Radius of the earth 6371 km

Semi major axis of orbit 7171 km
Orbit eccentricity 0
Orbit inclination 50◦

Argument of perigee 70◦
Right ascension of ascending node 10◦

Perigee passage time 5400 s

Fig. 6. Gain of Staring Beamforming Algorithm for Satellite Passing Over
Target.

The simulation results are shown in Fig. 6. The black
asterisk indicates that the perfect CSI is used for real-time
beam pointing adjustment, which has the best performance but
the largest overhead. The red circle indicates that the angle
information is updated in real time and the corresponding
pointing adjustment is made. The pointing accuracy is high,
but the pilot signal overhead and computation burden are
huge. The blue triangle indicates the staring beamforming
method. Although the performance is slightly inferior to the
best scheme, the angle information is only updated once during
the simulation. In terms of overhead, staring beamforming
only needs to obtain the initial value of angle information.
Moreover, in the process of pointing adjustment, inversion or
iteration is not required. This method can flexibly deal with
the angular deviation caused by attitude instability. Errors in
staring beamforming accumulate. And the closer the terminal
is to the center of view, the more sensitive it is to error.

V. CONCLUSION

The performance of mobile communication system has been
greatly improved, and the IoV will become an important scene
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of 5G application. At the same time, in order to deal with
the problem of sparse 5G terrestrial infrastructure, Satellite
Internet has become a key solution. Using satellite Internet to
provide 5G access service for IoV can not only greatly improve
the performance of IoV, but also greatly expand the coverage
of 5G network. However, the limitation of satellite visible
time requires flexible beam adjustment and accurate beam
alignment. On this premise, staring beamforming method can
effectively reduce the time of beam switching and prolong
the available communication time. Simulation results show
that the staring beamforming method can effectively track
terrestrial target. Moreover, the staring beamforming method
only needs part of CSI for beam alignment, and can cope
with pointing mismatch caused by attitude instability. In the
service of IoV, compared with directly using a beam to
cover all targets, beamforming technology can form multiple
spot beams to point to multiple discrete targets, which not
only reduces the waste of energy, but also improves the
quality of communication, and ensures the coverage of service
targets. For the moving vehicles, this method can fulfill the
requirements of dynamic multi beamforming. At the same
time, staring beamforming method ensures that the beam
always points to the visible target covered by the antenna,
increases the communication time, and reduces the times of
beam switching.
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