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Abstract: To meet the access demands of massive terminal users, the space-based Internet of Things (IoT) requires
sufficient frequency resources for allocation. However, the frequency resources that are currently available have
already been allocated to a great extent. Furthermore, the utilization rate of the allocated frequency resources is
low. To support massive user access under restricted frequency resources, this work proposes a scheme based on
Doppler frequency offset (DFO) pre-compensation to enhance spectrum utilization efficiency. By calculating the
relative motion between the satellite and the transmitting terminal, combined with the length and transmission rate
of the message, the optimal compensation value of the Doppler frequency deviation is determined. The frequency-
protection interval is reduced. Simulation results show that the pre-compensation method can expand the user
access volume by 90-400 times. Properly selecting the number of message splits and transmission rate to perform
DFO pre-compensation calculations can increase user access by an additional 45% or more. This method improves
the spectrum utilization efficiency and provides a solution to the challenge of access by a large number of users.
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1 Introduction

Space-based Internet of Things (IoT) is an effec-
tive compensation and extension of the ground-based
IoT. It utilizes various types of space-based platforms
to realize the acquisition, processing, transmission,
and application of IoT information. It has become
a fundamental technical means for building the in-
terconnection of all things and for ubiquitous sens-
ing. The space-based IoT system has the advantages
of being able to realize global coverage, all-weather
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operation, and strong stability. It has been widely
used in logistics monitoring, transportation, envi-
ronmental protection, hydrological monitoring, and
other fields (Chen et al., 2022; Yang H et al., 2022;
Li K et al., 2023; Yu TK et al., 2024a). However,
the frequency resources that need to be relied upon
for space-based IoT are currently facing two promi-
nent problems. One is the scarcity of the remaining
frequency resources that can be used for division;
the Ku frequency band, as the “golden frequency
band” for low-orbit satellite communication, has al-
most been completely allocated. The other is that
the divided frequency resources have not been used
aptly or the utilization rate is low, and most of the
divided frequency resources are in an idle state (Tan
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et al., 2018). Yang Y (2019) listed that the average
spectrum utilization rate of different frequency bands
<3 GHz provided by the shared spectrum to the Na-
tional Science Foundation is only 5.2% (FCC, 2002).
About 31.25% of the total number of sub-band carri-
ers in the IEEE802.15.3c standard are blank carriers
(Ge et al., 2016). Meanwhile, the Global System
for Mobile Communications Association predicted
that the global scale of IoT connections in 2025 will
reach 24.6 billion (Centenaro et al., 2021), and more
than 100 million users will have access to the satel-
lite terminals. Therefore, the development of space-
based IoT is facing the new technical challenge of
how to meet the needs of massive user access under
restricted spectrum resources.

Liu YJ et al. (2021) and Chen et al. (2022)
proposed that in the context of spectrum resource
constraints,
cient and high-throughput multiple access tech-
niques and improved utilization of limited spectrum
resources. Currently, the commonly used multiple
access techniques are frequency division multiple ac-
cess (FDMA) (Deng et al., 2018), space division mul-
tiple access (SDMA) (Yao et al., 2018), time divi-
sion multiple access (TDMA) (Vakil and Aghaeinia,
2009), code division multiple access (CDMA) (Wang
X et al., 2022), and so on. Methods to improve spec-

increasing user access requires efli-

trum utilization include cognitive radio technology
(Zhang L et al., 2017), cellular multiplexing (Jab-
bari et al., 2010), and tapping into higher frequency
bands, such as millimeter wave technology (Lei et al.,
2023). Starlink, the second-generation system of
SpaceX in the United States, achieves improved spec-
trum utilization by sharing the spectrum with other
space-based and terrestrial users. Its new-generation
satellite system communication bands are all Ku and
Ka bands (Liu SJ et al., 2020). In addition, SpaceX
is acquiring more spectrum resources through acqui-
sitions and other means.

FDMA is a commonly used multiple access tech-
nique. Specifically, the FDMA technique works by
dividing the channel frequency band into a number
of narrower mutually exclusive sub-bands. Each sub-
band is divided for the exclusive use of one user.
When dividing the sub-frequency bands, it is neces-
sary to leave a certain frequency-protection interval.
This is done to avoid the neighboring channel inter-
ference due to the Doppler frequency offset (DFO)
generated by the relative motion of the satellite and

the ground terminal.

It is mentioned by Li ZJ (2023) that the DFO
of a low-orbit satellite with an orbital altitude of
500 km would generate a frequency deviation of 12.6—
142.2 kHz. Since the bandwidth and power resources
of satellites are limited, leaving a certain frequency-
protection interval to avoid neighboring channel in-
terference would result in low bandwidth utilization
to a certain extent. This results in output of fewer
data, as well as fewer users being allowed to access
the network.

Diao et al. (2012), Liu X et al. (2015), and Liu
YQ et al. (2023) proposed to utilize the two-line or-
bital element (TLE) of the satellite message, com-
bined with the orbital uptake model, to carry out
orbital computation for any satellite with a known
TLE message. Mao (2020) proposed a code-aided
high-DFO calculation method with a low bit error
rate. Wang C et al. (2017) proposed an algorithm
for the joint estimation of the carrier frequency offset
and carrier phase offset. Liu K and Zhu (2017) and
Zhang JY et al. (2021) proposed methods to elimi-
nate the Doppler frequency by adjusting the frame
structure and through the leading sequence, respec-
tively. However, the improvement in the number of
users accessing the network is limited.

The effects of delay and DFO in star—ground
links have been studied by Mao (2020), but the so-
lutions given cannot flexibly adjust the subcarrier
spacing according to the actual situation. DFO com-
pensation has also been studied by Liu K and Zhu
(2017) and Zhang JY et al. (2021), but the improve-
ment in user access is limited. Dynamic fitting of
DFO functions to predict and compensate for highly
dynamic terminals has been proposed by Hou et al.
(2015). However, realizing the real-time fitting of the
function requires the real-time computation of the
Greenwich mean time, which requires higher compu-
tational performance and energy consumption of the
terminal. Yao et al. (2021), Yu A et al. (2023), and
Yu TK et al. (2024b) proposed the use of edge com-
puting and computing power networks to deal with
large-scale resource scheduling problems to alleviate
the central node computational pressure.

Inspired by the above literature, this paper pro-
poses a spectrum resource utilization scheme based
on DFO pre-compensation by using the idea of edge
computing. It aims to address the high require-
ments for satellite performance in the way of DFO
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compensation on the star when the satellite faces
massive terminal access. Pre-compensation of the
wide range of frequency deviations generated by the
Doppler shift is carried out by means of a ground
terminal. It achieves the purposes of reducing the
frequency-protection interval, improving the spec-
trum utilization efficiency and the access volume of
space-based IoT users, and avoiding real-time fitting
calculations of the DFO function. This relieves the
energy requirements and prolongs the service life of
terminals, especially those located in areas that are
off the beaten track, such as those in harsh geograph-
ical environments.

2 System model

2.1 Vector model of the relative position and
relative velocity of a low-orbit satellite and a
ground terminal

Using the simplified general perturbations 4
(SGP4) model, through the TLE of the satellite and
the position of the ground terminal in longitude L,
latitude B, and elevation H, as well as the motion
state and direction of motion, the position and ve-
locity vectors of the satellite and the ground ter-
minal in the Earth-centered inertial (ECI) coordi-
nate system can be obtained as Rgat, Viar, I, and
Vg, respectively. Thereafter, we use bold letters to
represent vectors, and non-bold letters to represent
scalars.

The relative position r and the relative velocity
v of the satellite and the ground terminal are

Tx Vg
r:Rsat_R = Ty 717:‘/sat_vz Uy
Tz Uz

2.2 DFO model

Ground terminals and low Earth orbit (LEO)
satellites will generate DFO due to relative motion
during satellite communication. The relative motion
between the LEO satellite and the various types of
terminals is shown in Fig. 1.

According to the definition of Doppler shift, the
DFO fpoppler generated by the relative motion be-
tween the ground terminal and the satellite is shown
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Fig. 1 Schematic diagram of the relative motion of
the LEO satellite and various types of terminals

in Eq. (2):

v
fDoppler = fup . E -COSﬁ, (2)

where

,8€(0,m), (3)

cosf= —Y _
[l - [l

fup is the frequency of the signal sent from the
ground terminal to the LEO satellite, v is the rel-
ative velocity between the ground terminal and the
LEO satellite, ¢ is the speed of light, and S is the
angle between the signal transmission direction and
the radial motion.

The frequency of the signal received at the re-
ceiving end on the star is shown in Eq. (4):

f= fup + fD0ppler' (4)

2.3 Channel segmentation model

Under a certain total bandwidth By, channel
segmentation needs to take into account the channel
bandwidth and isolation band required by the user.
Among them, the channel bandwidth B; is related to
the information transmission rate R, the code rate
R, and the roll-off factor a:

Ri(1+ )
B, = — R (5)

To prevent the DFO from interfering with neigh-
boring channels, a protection interval B}, is required.
Therefore, the required bandwidth B for a single user
is

B =D+ B, =D+ 2fDopp1er~ (6)

The final number of channels that can be divided is
Num = |By/B], (7)

where |-| represents the rounding down operation.
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3 Spectrum resource utilization tech-
nique based on DFO pre-compensation

The technical scheme proposed in this paper to
improve the efficiency of spectrum resource utiliza-
tion is shown in Fig. 2. First, the ground termi-
nal calculates the relative motion parameters of the
satellite and the ground terminal at the moment of
message transmission through the TLE and SGP4
orbit model of the satellite. Then, according to the
message length and transmission rate selected by the
ground terminal, the number of message splits is
judged and the value of DFO pre-compensation is
computed. The transmitted signal is then compen-
sated for using the optimal DFO compensation value.
Next, the frequency-protection interval, which was
originally set so large to prevent frequency interfer-
ence due to DFO, is reduced. Finally, the channel
resources are reallocated to accommodate more users
and improve the spectrum utilization efficiency.

3.1 Determination of the Doppler frequency
deviation protection interval

It is a continuous process for the ground termi-
nal to send message signals to the receiving end of
the LEO satellite. The duration is shown in Eq. (8).
During the message-sending process, the relative po-
sition between the LEO satellite and the ground ter-
minal is constantly changing. The DFO generated by
the relative motion is also changing. Combined with
Egs. (2) and (3), its change rule can be expressed by
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Eq. (9).
N
T=—
s (®)
d fpoppler _ Jup  d(vcos ) _ Jup  doy )
dt c dt c o dt’

where T is the message-sending duration, N is the
message length, and v, is the radial component of the
relative velocity. Also, the relative motion between
the satellite and the ground terminal is

r = \/Rs2at + Ré - 2Rsath COS Qe (10)
_dr
Cdt
Rar R'sar + Ry R'g — (Rg Rt + Rat R'g) cos e
\/Rs2at + Ré - 2Rsath COS Qe

dcosa
Reat Ry =3

\/Rgat + R2 — 2Run Ry cos

Ur

(11)
where «, is the angle between the ground termi-
nal and the satellite about the center of the Earth,
due to the fact that the orbital altitude of the LEO
satellite is <2000 km, and e max = arccos ( tado ) =

Rsat
0.7058 rad (Rpg is the radius of the Earth). Rgat =

|Rsatll, Ry = || Rg|l, and R'sat (R'y) represents the
first derivative of position with respect to time. Also,
the message-sending duration 7" is much smaller than
the orbital period, so the effect of the Earth’s rota-
tion can be ignored, and the distance between the
satellite and the ground terminal from the center of
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Fig. 2 Spectrum resource utilization scheme based on DFO pre-compensation
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the Earth can be approximated as constant. Thus,
Eq. (11) can be simplified as

Rsat R d cos o

Rgat Ry sin o dae
Vy = — =
r T de T dt

dvr —LS&th COS (v dac i + sin o _d2ae
dt 7 A\ dt ¢ de2

R% R2 dae\”
sat*lg .2 e
_T<s1n ac(dt) .
(13)

Since the orbits of LEO communication satellites are
predominantly near-circular in design, and accord-
ing to the relationship between the three sides of
an obtuse triangle, it is easy to obtain r?cosa, >
Thus, the change in

RsathSin2aca Qe S Qe max-
fDoppler is related to ae. The process of a, decreasing
to 0 and then increasing corresponds to the process of
the satellite moving closer to and then farther away
from the terminal, and fpoppler changes accordingly
with 7.

Therefore,
needs to consider the DFO changes during the whole
message transmission. As shown in Fig. 3, it is the
ideal case that the DFO is fully compensated for.
The signal frequency received by the receiver on the
star has no DFO. There is no need to set additional
protection intervals, and the frequency resources can
be fully utilized for channel segmentation.

the frequency-protection interval

—— Carrier frequency

Carrier frequency

having been compensated for
——— Carrier frequency

influenced by Doppler offset

[C_] Channel bandwidth

DFO compensation

- Frequency-protection interval

1

Frequency (Hz)

Fig. 3 Protection interval setting after DFO compen-
sation in the ideal case

In practice, the full realization of DFO pre-
compensation requires real-time calculation and ad-
justment of the compensation value for the whole
transmitting process. This imposes significant power
consumption and high computational requirements
on the transmitting terminal, while placing stringent
technical demands on the ground terminal equip-
ment. However, without DFO pre-compensation,

the large protection interval greatly reduces the ef-
ficiency of frequency resource utilization. Compre-
hensively considering the performance conditions of
the terminal equipment, we propose one-time com-
putation with continuous compensation to reduce
the DFO protection interval.

The ground terminal calculates the time period
covered by the LEO satellite beam. Then the DFO
Jooppler,1 and fpeppler,2 generated by the uplink of
the signal frequency at the start moment ¢; and the
end moment ¢y of the ground terminal being covered
and the applied DFO compensation value f. are cal-
culated. Then the protection interval A f of the DFO
is set as shown in Eq. (14):

A,f = max (|,fc - fDopplcr,1| B |fc - fDopplcr,2|) .

(14)
3.2 Determination of the optimal compen-
sation frequency for Doppler frequency

deviation

The DFO protection interval is changed when
the moment of choosing to calculate the DFO is dif-
ferent. Through research and analysis, the DFO of
the LEO satellite has the same change rule in the two
motion processes of approaching and moving away
from the ground terminal. The process of the LEO
satellite moving away from the ground terminal is
selected to determine the optimal pre-compensation
frequency of DFO.

The DFO pre-compensation value can be cal-
culated by selecting the start moment ¢;, middle
moment ty, and end moment ¢y of the message,
t1 < to < ta, r1 <rg<ry From Egs. (9) and (12),
DFO is increasing during message transmission:

fDopplcr,l < fDopplcr < fDopplcr,2~ (15>

Without DFO pre-compensation, the required
bandwidth range to avoid mutual interference
between the channels is [fup — fDoppler,2; fup +
fpoppler,2]. The DFO protection interval is set to
Af = max(fpoppler) = fDoppler,2. The DFO com-
pensation value f. that can be applied is

0 S fc S fDoppler,Q' (16)

Overcompensation can also lead to channel in-
terference when fpoppler < fo. An additional protec-
tion interval Af’ = f. — fpoppler is required. There-
fore, the DFO protection interval A f needs to satisfy
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Eq. (17) when t1 <t < t:
fup+fc+Af = fup+fDoppler(t)- (17)

Substituting inequalities (15) and (16) into
Eq. (17) yields

fDopplcr,Q - fDopplcr,l
2

< A.f < fDopplcr,2~ (18>
To obtain as many new channels as possible,

> | fooppler(t) — fc| needs to be minimized. The
t1 <t<ts

needs

protection interval A fiin
to be set when f. = fD"Pple"'Q;fD"Pp‘e"'l. This is the

optimal compensation frequency for DFO:

_— fDoppler,Z 7fDopp1er,1
- 2

f b _ fDoppler,Q + fDoppler,l
c,best 2 .

(19)

3.3 Determination of the number of message
splits

As shown in Egs. (9) and (13), the DFO gener-
ated by the relative motion between the LEO satel-
lite and the ground terminal is affected mainly by the
satellite’s orbital characteristics, and it changes con-
tinuously with time. Therefore, the effect of the mes-
sage transmission time, which is determined mainly
by the message length and transmission rate, needs
to be considered in the DFO pre-compensation.

When the transmission rate is certain and the
length of the message sent by the terrestrial terminal
is short, the purpose of improving spectrum utiliza-
tion efficiency can be achieved without splitting the
message. However, when the length of the message
sent by the terminal is long, it is still necessary to
set a large DFO protection interval with single DFO
calculation and compensation.

Therefore, we set the transmission time thresh-
old 7 = T/n, and the accuracy thresholds € and n
for the number of message splits satisfy

Tn — Tnt+1 < E. (20)

As shown in Fig. 4, when T > 7, the orig-
inal long message is split into several short mes-
sages. The number of split short messages is con-
tinuously adjusted to make it meet the requirements
Ole,Tg,...,Tn <.

Select appropriate DFO values to compensate
for the split short messages in turn according to in-

2025 26(6):991-1001

fe—a

Fig. 4 Schematic diagram of splitting a long message
into multiple short messages

equalities (16) and (18), and the new protection in-
terval Af after splitting should satisfy Eq. (21):

Af = max (|fDopplcr,i1 - fc,i| ) |fc,i - .fDopPlCY,iQ |) )
1=1,2,...,n,

(21)
where f. ; is the DFO pre-compensation value for the
it? short message.

However, more splits do not always mean bet-
ter performance. While considering the reduction of
the protection interval, it is also important to con-
sider the computational complexity. To avoid the
resource loss caused by excessive message splitting,
the splitting measure is set. The time complexity of
the proposed method is

O(n)=T/e-0(1). (22)

It means that the optimal number of message
splits changes with the different € settings.

4 Simulation and analysis

4.1 Parameter configuration

A ground-fixed sensor, a low-speed moving ves-
sel, and a civil aviation airplane in a high-speed cruis-
ing state are selected as ground terminals. The sim-
ulation parameters are shown in Table 1.

Table 1 Distribution of ground terminals

Terminal Longitude Latitude Elevation Velocity
type () () (m) (m/s)
Ground-fixed  112.3840  26.7147 68.5453 0
sensor
Low-speed 123.8612  30.0570 0 15.4333
vessel
Civil aviation  123.8900  30.4321 10668 250

airplane
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An LEO satellite with normal operation in or-
bit is selected as the satellite receiving end. The
maximum angle of the satellite antenna beam is set
to 60°. The TLE message parameters of the LEO
satellite are shown in Table 2.

According to the simulation needs, three differ-
ent message lengths of 25, 50, and 100 bytes, as well
as four different information transmission rates of
1024, 512, 256, and 128 bit/s are set. The quadra-
ture phase shift keying (QPSK) modulation is used.
The roll-off factor & = 0.5 is set, and the signal is
transmitted at a frequency of 12 GHz with a band-
width of 10 MHz.

4.2 Comparison of the effect of pre-
compensation on the improvement of sub-

scriber access

First, the DFO patterns of three different types
of terminals are compared and analyzed, as shown
in Fig. 5. It can be seen that the different deploy-
ments of terminal positions and different moving
speeds only have an impact on the resulting DFO
value. However, the change rule of DFO is the same.
Therefore, for the convenience of the research, a fixed
terminal is selected in the following for the compar-
ison of the effect of DFO pre-compensation on the
improvement of the number of access users.

4.2.1 Effect of the same message length at different
transmission rates

The ground terminal is simulated to send mes-
sages of 25 bytes in length at randomly selected times
at four information transmission rates of 128, 256,
512, and 1024 bit/s.
users accessed in the case of no compensation, pre-
compensation for DFO, and ideal no-DFO, and the
number of users that can be accessed more by reclas-

We compare the number of

sifying the channel with idle frequency after perform-
ing compensation. The results are shown in Fig. 6.
The simulations show that while transmitting
the 25-byte short message at 128, 256, 512, and
1024 bit/s codeword rates, the number of access
users can be increased by up to 4036, 6525, 7430,

and 5481, respectively, by performing DFO calcu-
lations once and compensating. By means of DFO
pre-compensation, the frequency originally used as a
protection interval is released and used to be divided
into channels, thereby the number of access users
after compensation has been substantially increased
by about 252, 407, 464, and 342 times compared with
that without compensation. Also, the optimal com-
pensation value determined by using Eq. (19) allows
the access user quantity to increase by 48% compared
to the general method.

Meanwhile, as the information transmission rate
increases, the number of users accessed after pre-
compensation gradually converges to the number of

2.5,
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....... Low-speed sensor
..... High-speed sensor
20
~
I
215
x
>
[9)
g
§1.0/ |
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Fig. 5 DFO over time for different terminal types
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—#—No compensation
—— General compensation
5 Best compensation
—&— |deal situation without Doppler offsef
- =% - Growth in user access

Number (x10%)
w

128 256 512 1024

Information transmission rate (bit/s)

Fig. 6 Variation in the number of DFO pre-
compensated access users at different information
transmission rates

Table 2 Starlink-1007 satellite ephemeris

1 447130 19074A 23 303.808 664 86

0.000 024 95

0000040 18641-3 0 9999

2 44713 53.0535 91.2629 0001292

85.1075

275.0062 1215.063 818 312191 68
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users accessed under the ideal no-DFO. This is due to
the fact that the signal bandwidth is positively cor-
related with the transmission rate of the symbol ele-
ments. After DFO pre-compensation, the frequency
band originally allocated as protection intervals can
be repurposed for channel partitioning. Lower trans-
mission rates require fewer spectral resources, en-
abling the allocation of additional channels.
However, for the case of a smaller information
transmission rate, more time is required to transmit
The DFO generated
by the relative motion between the LEO satellite

the same length of message.

and the terminal during transmission is also chang-
ing with time. This results in a larger DFO even
after pre-compensation. It is still necessary to set
a large protection interval to protect the neighbor-
ing frequencies from interference with each other.
So, it has led to a decrease in the number of new
Therefore, the higher the information
transmission rate, the shorter the transmission time
and the less the DFO is affected by the relative mo-

tion.

subscribers.

The closer the compensated increase in the
number of access users is to the ideal situation, the
better the result is.

4.2.2 Effect of the same transmission rate at different
message lengths

DFO pre-compensation is also performed for the
same transmission rate at three different message
lengths (25, 50, and 100 bytes), and the increase in
the number of access users is obtained, as shown in
Fig. 7.

Comparative analysis reveals that the shorter

8

I Message length of 25 bytes
[ 1 Message length of 50 bytes
" [ Message length of 100 bytes

Lhhh

1024

~

07

N c»

-

Increase in the number of access users (x10°%)
J;

Informatlon transmission rate (bit/s)

Fig. 7 DFO pre-compensated access user number
increment for different message lengths

the message, the larger the increment in the num-
ber of users after DFO pre-compensation at the
same codeword rate. Their average access user num-
bers increase by about 225, 152, and 98 times, re-
It can be concluded that the method
of pre-compensation by calculating the DFO value
at one time for terrestrial terminals is better than
that for long messages to enhance the effect of short
messages.

spectively.

It is also found that at a certain transmission
rate, the effect of DFO pre-compensation on increas-
ing the number of access users increases as the rate
increases. However, when the short message is sent
at 512 and 1024 bit/s, the increase of the user num-
ber has a decreasing trend. This is because the band-
width required for message transmission is related to
the symbol element transmission rate as shown in
Eq. (5). When transmitting a 25-byte message at an
information transmission rate of 512 or 1024 bit/s,
the pre-compensated frequency-protection interval is
set to 286.54 or 139.83 Hz, respectively. The band-
widths required for transmitting a short message are
768 and 1536 Hz, respectively. The signaling band-
widths increase with the increase of the information
transmission rate, resulting in the reduction of the
number of channels to be divided. This in turn leads
to a decrease in the number of users that can be
added by DFO pre-compensation. Therefore, the
chosen information transmission rate is not as large
as possible.

4.2.3 Compensation effect for the number of long
message splits

To further improve the spectrum utilization ef-
ficiency, it is necessary to compensate for the signif-
icant gap between actual and ideal user access ca-
pacity growth caused by excessive packet length and
prolonged transmission time. The scheme of split-
ting the message is proposed for the message whose
transmission time is too long. The message with long
transmission time is split into several short messages.
Also, the DFO is calculated for each short message
and pre-compensated for separately. This method of
message splitting can be used on messages of differ-
ent lengths and transmission rates.

In this experiment, a 100-byte message trans-
mitted at 128 bit/s, which is most affected by the
transmission time, is selected for research and analy-
sis. € = 0.005 is set. The optimal DFO compensation
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value is obtained according to Eq. (19) and the pro-
tection interval is set with Eq. (21). The simulation
results are shown in Fig. 8.

5.0 A

=
=) i
X ]
~ 1
2 1
5 !
g i z
2 ; 3
Q I [=%
g ! £
o . 8
o : [}
3 i £
o I =
[ 1
=3 ]
zZ 1

i

) -6 Number of users

! ~ n= Time complexity

E
1 -
- .
10 15 20

Number of message splits

Fig. 8 Relationship between the number of mes-
sage splits and the number of access users and time
complexity

Therefore, splitting a 100-byte message trans-
mitted at 128 bit/s into six segments and calculating
the DFO pre-compensation value for each segment
provides the best compensation effect. The number
of access users increases by about 35.6% compared to
the unsplit message with a corresponding length and
transmission rate. It can be seen that splitting the
message several times does help increase the num-
ber of access users and has less impact on the time
complexity.

Finally, we compare the time complexity of
three DFO compensation approaches under in-
creasing message transmission durations: satellite-
centralized DFO compensation, ground termi-
nal real-time Doppler function fitting with pre-
and the DFO pre-compensation
scheme proposed in the paper.

compensation,

From Fig. 9, it can be seen that if edge com-
puting is not adopted, the time complexity of the
operation on the satellite will increase with the in-
crease in the number of access users. As for the ter-
restrial terminal, if the real-time prediction of DFO
is used for compensation, its time complexity will
increase with the growth of message transmission
time. However, the compensation method proposed
in this paper does not need to predict the DFO in
the whole process. Instead, the number of message
splits that should be performed at the correspond-

ing transmission rate and message length can be set
for the terminal in advance. Then the DFO at the
corresponding moment is predicted, which greatly
reduces the computation. Also, it can be seen from
Fig. 6 that the gap between the number of users af-
ter pre-compensation and the number of users in the
ideal state gradually decreases with the increase of
the information transmission rate. Meanwhile, the
time complexity is related to the computation. The
smaller computation of this method reduces the en-
ergy consumption of the ground terminal, and the
service life of the terminal located in unfavorable en-
vironments is extended.

—u#— Centralized processing on satellite Num=15
—&— Terminal real-time forecast

Frequency offset pre-compensation

program

Num=10

Time complexity

Num=5

]

_ e—

e

Message transfer time (s)

Fig. 9 Variation of time complexity with transmission
time for the three methods

5 Conclusions

In this paper, a spectrum utilization scheme
based on DFO pre-compensation is proposed to ad-
dress the need to set a large protection interval
for preventing frequency interference caused by the
DFO, which is generated by the relative motion be-
tween LEO satellites and ground terminals. This
technical scheme utilizes edge computing. First, the
ground terminal extrapolates the relative motion be-
tween the LEO satellite and the ground terminal
based on the TLE message. Then, according to the
actual needs of the mission, the appropriate message
length and transmission rate are selected. There-
after, the number of times a message needs to be
split and the optimal DFO pre-compensation value
are determined. Finally, the frequency-protection
interval is readjusted and new channels are divided.
Three message lengths and four information trans-
mission rates that can be used in combination with
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each other are given, which can increase the num-
ber of users accessing the network by up to about
400 times. The efficiency of spectrum resource uti-
lization is greatly improved. This provides a scheme
to better solve the problem of terrestrial extremely
massive user access.

Compared with the real-time fitting of the DFO
function, this scheme makes the required computa-
tion volume smaller and the computation time re-
quirement lower by sacrificing part of the channel
resources. It extends the service life of ground ter-
minals in remote areas and better meets the needs of
space-based IoT user terminals in remote and harsh
environments. However, this scheme will greatly
rely on the TLE data from the satellite, and the
TLE data stored in the terminal need to be updated
periodically.
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